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ABSTRACT 

A.T. CSORDAS, J.D. BARAK AND M.J. DELWICHE. 2004. 

Aims: To evaluate the specificity and sensitivity of PCR primers for the detection of Salmonella enterica in a 
real-time PCR assay using pure cultures. 

Methods and Results: Unenriched whole cells in sterile water were used as template for each PCR. SYBR Green 
dye was used for the nonspecific detection of dsDNA. The real-time PCR detection limits of five previously 
published primer sets used in conventional PCR applications were not below 3 X 10 3 CFU per reaction (rxn). A 
new primer set, Sen, was designed, which detected Saint, enterica Newport down to 6 CFU rxn -1 in one case, and 
gave an average detection limit of 35 CFU rxn" 1 over three separate runs. 

Conclusions: Primers originally designed for end-point PCR did not have adequate specificity or sensitivity 
compared with those specifically designed for real-time PCR. 

Significance and Impact of the Study: This study emphasizes the importance of evaluating real-time PCR 
primer sets in pure cultures prior to testing in field samples. This study will benefit other researchers in selecting an 
appropriate primer set for real-time PCR detection of Salm. enterica. 

Keywords: dissociation analysis, invA gene, primer dimer, SYBR Green, threshold cycle. 



INTRODUCTION 

Real-time PCR offers advantages over traditional PCR in 
that it is possible to watch the PCR reaction as it occurs, the 
PCR product does not have to be removed from its reaction 
chamber for post-PCR analysis, and many detection chem- 
istries are available, including probe-based systems that 
provide assurance that the correct fragment is amplified. 
Primer sets that have shown Salmonella specificity in 
traditional PCR applications require evaluation in real-time 
PCR conditions to determine if these sets are specific and 
sensitive. Conventional PCR primers that have a strong 
tendency to form primer dimers may yield poor sensitivity 
results in a real-time assay. Since primer dimers are dsDNA, 
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they will generate fluorescent signals (Higuchi et al. 1992) 
that yield false-positive results. If the primers form dimers, 
then at the lower target concentrations it may not be possible 
to distinguish between target fluorescent signals and primer 
dimer fluorescent signals by examining plots of relative 
fluorescence as a function of cycle number. In the absence of 
conventional PCR primers that yield adequate detection 
limits in real-time PCR, new primers can be designed or a 
probe-based system can be designed that yields fluorescence 
only in the presence of a specific dsDNA target. 

Several real-time PCR assays have recently been devel- 
oped for the detection of Salmonella (Hoorfar et al. 2000; 
Eyigor et al. 2002; Bhagwat 2004). Previous studies have 
shown comparisons of primers used in traditional PCR 
assays (Gooding and Choudary 1999; Malorny et al. 2003; 
Ziemer and Steadham 2003). The purpose of this work was 
to compare primer sets in a real-time PCR assay and to find 
a primer set that gives specific and sensitive detection of 
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Salmonella enterica scrovars associated with food-borne 
outbreaks from produce. 



MATERIALS AND METHODS 
Bacterial serovars and growth media 

All bacteria used in this study are listed in Table 1. Bacteria 
were cultured on Luria-Bertani agar plates (LB, Difco/ 
BBL, Sparks, MD, USA). Bacteria from an 18-h culture 
grown on LB plates were diluted in sterile water to an 
optica] density of 0 2 at 600 nm. Serial dilutions were made 
in sterile water to obtain appropriate cell densities for PCR 
testing. Cell densities were quantified by plating 100 y\ of 
the appropriate serial dilution on LB plates. The plates were 
incubated at 37°C overnight and colonies were c 



Reagents and primers 

Primer set sequences and references are shown in Table 2. 
All primer sets in Table 2, other than Sen, were shown to be 
specific for Salmonella in previously published research by 
testing with Salmonella and non-Salmonella target DNA. 
SYBR Green Master Mix (Applied Biosystems, Foster City, 



CA) reagent was used in initial experimentation with the Sal, 
INVA, ST, Fim, and iroB primer sets at primer concentra- 
tions of 500 nmol l" 1 . However, further experimentation 
with low Salm. enterica cell concentrations indicated that 
there was a tendency for primer dimer formation. In an 
attempt to minimize this problem, SYBR Green Core 
Reagents (Applied Biosystems) were used to allow changes in 
the reagent concentrations. The final core reagent concen- 
trations used in each 50 /il reaction were: IX SYBR Green 
PCR Buffer, 3 0 mmol 1 _I MgCl 2 , 10 mmol l" 1 dNTP mix 
with dUTP, and 125 U AmpliTaq Gold. In addition, 0 5 U 
AmpErase UNG enzyme (Applied Biosystems) was added to 
all Sen primer set reactions. Reduced concentrations of 
250 nmol T 1 were tested with the Sal and INVA primer sets 
in sensitivity testing. All experiments with the Sen primer set 
were performed at primer concentrations of 250 nmol l -1 
with the core reagents. 

Mixtures of SYBR Green Master Mix or SYBR Green 
Core Reagents with the appropriate primer set were 
vortexed prior to transfer to the PCR tubes. The total 
volume of SYBR Green mix including primers was 30 fi\ 
(including water if necessary to adjust the volume to 30 /il). 
Twenty microlitres of the appropriate Salm. enterica serial 
dilution were then added to each tube to give a total 



Table 1 Bacteria used for specificity testing 







Reference/source 


Salm. enterica (serovar, serogroup) 






Saintpaul, B 


55 


SARB* 


Schwarzengrund, B 


96E01152C-TX-1 


Inami and Moler (1999); CDHSf 


Mbandaka, C, 


99A1670 


CDHS 


Newport, C 2 


96E01153C-TX 


Inami and Moler <1999); CDHS 


Albany, Q 


96E01152C-TH 


CDHS 


Enteritidis, Dj 


OOA-2768 


CDHS 


Baildon, D 2 


99A-23 


CDHS 


Meleagridis, Ei 


96A7406 


CDHS 


Senftenberg, E 4 


59 


SARB 


Rubislaw, F 


54 


SARB 




O0A3563 


Barak et al. (2003); CDHS 


Cubana, G 2 


98A9878 


Mohle-Boetani et al. (2001); CDHS 


Havana, G 2 


98A4399 


Mohle-Boetani et al. (2001); CDHS 


Saphra, I 


97A3312 


Mohle-Boetani et al. (1999); CDHS 


Non-Salmonella species 






E. coli 0137:H41 


MW421 


Wachtel et al. (2002) 


Rahnella aquatilis 


SPS2F10 


Barak et al. (2002) 


Pseudomonas pulida 


BMI9 


Barak et al (2002) 


Panioea agglomeram 


SPS2F1 


Barak et al (2002) 


Erwwta chrysanthemi 


3937 


N. Pernat 


Klebsiella pneumonia 


S48565.3 


SFGH§ 



*SARB, Salmonella reference collection B. 
fCDHS, California Department of Health 
JNicole Perna, University of Wisconsin- 
§SFGH, San Francisco General Hospital. 



and Human Services. 
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Table 2 Primer target, name, sequence, expected amplicon length and reference 



Target fragment 


Pnmer sets 


Pnmer (5 — > 3 ) 


Product a 


ze (bp) Reference 


invA gene 


Sal-3 


TAT CGC CAC GTT CGG GCA A 


275 


Wang et al. (1997) 




SaM 


TCG CAC CGT CAA AGG AAC C 






invA gene 


INVA-1 


ACA GTG CTC GTT TAC GAC CTG AAT 


244 


Chiu and Ou (1996) 




INVA-2 


AGA CGA CTG GTA CTG ATC GAT AAT 






iroB gene 


Primer 1 


TGC GTA TTC TGT TTG TCG GTC C 


606 


Baumler et al. (1997) 




Primer 2 


TAC GTT CCC ACC ATT CTT CCC 




Random fragment 


ST11 


GCC AAC CAT TGC TAA ATT GGC GCA 


429 


Soumet et al. (1999) 


of Salm. Typhimuriun 


l ST15 


GGT AGA AAT TCC CAG CGG GTA CTG G 






fimA gene 


FimlA 


CCT TTC TCC ATC GTC CTG AA 


85 


Cohen et al. (1996) 




Fim2A 


TGG TGT TAT CTG CCC GAC CA 






invA gene 


Sen-1 


TTT CAA TGG GAA CTC TGC 


172 


This work 




Sen-2 


AAC GAC GAC CCT TCT TTT 







reaction volume of 50 p\. Negative control reactions used 
20 p\ of sterile water to make a total reaction volume of 
50 fil 

Polymerase chain reactions were performed with a 
GeneAmp 5700 Sequence Detection System (Applied 
Biosystems) using the following thermal cycling conditions: 
94°C for 5 min; 40 cycles of 94°C for 30 s, 60°C for 30 s, 
and 72°C for 1 min, with a final extension of 72°C for 
7 min. The annealing temperature was lowered to 54°C for 
the Sen primer set due to its lower melting temperature. 
Prior to the 94°C hold for 5 min, an initial step of 50°C for 
2 min was added to the Sen primer set protocol to activate 
the AmpErase UNG enzyme. After each PCR, a dissociation 
profile was generated by increasing the temperature from 60 
to 90°C in increments of 0 4°C over 20 min, while 
measuring changes in fluorescence. 

Gel analysis 

In addition to dissociation curve analysis, PCR amplification 
fragments were run in 2% agarose gels in Tris-acetate- 
EDTA buffer to confirm fragment size. Following the PCR, 
2 p\ of 6X tracking dye (Promega, Madison, WI, USA) were 
mixed into the 50 ft) reaction volume and 10 fi\ of this 
mixture were used for gel electrophoresis. A Hi-Lo DNA 
ladder (Minnesota Molecular, Minneapolis, MN, USA) was 
used to compare fragment sizes. Gels were stained with 
SYBR Green I (Molecular Probes, Eugene, OR, USA) or 
ethidium bromide for 10-20 min. The agarose gels were 
then photographed under u.v. excitation. 

Primer design 

Software (Primer Premier 5.0, PREMIER Biosoft Interna- 
tional, Palo Alto, CA, USA) was used for assessment of the 
previously published primer sets and design of a new one. 
Given a particular target sequence and primer set, the 



software calculates the Gibbs free energy (AG) required for 
specific and nonspecific products to form, thereby allowing 
primers to be evaluated prior to experimentation. A large 
negative AC means that a reaction is energetically favourable 
and, therefore, indicates a tendency to form a dsDNA 
product. In addition to searching for potential primer 
dimers, the software can find locations outside of the target 
region where primers have a tendency to anneal, leading to 
nonspecific product formation called false priming. The 
invA gene from Salm. enterica serovar Typhimurium LT2 
(accession number: AE0O8832, McClelland et al. 2001) was 
used as target DNA for software analysis of the Sal and 
INVA primer sets, and for designing a new primer set. 

DNA sequencing 

PCR products from the Sen primer set were sequenced to 
make certain that the target sequence was amplified. PCR 
products for sequencing were produced with the Sen primer 
set real-time PCR procedure described previously. DNA 
samples were purified with a QIAquick gel extraction kit 
(Qiagen, Valencia, CA, USA). Sequencing was performed 
by the Division of Biological Sciences DNA Sequencing 
Facility (University of California, Davis, CA, USA). 

Experimental procedures 

Each primer set was evaluated for its ability to amplify 
products from Salm. enterica serovars and from low initial 
template concentrations (sensitivity). Experimental condi- 
tions and procedures are summarized in Table 3. The Sal, 
INVA, iroB, ST, and Fim primer sets were tested in one 
experiment with the Salm. enterica serovars listed in Table 1 
at 10 3 CFU per reaction (rxn), and the Sen primer set was 
tested in one experiment with all bacteria shown in Table 1 
at 10 3 CFU rxn -1 . Dissociation plot peaks and amplification 
fragments on agarose gels were used to verify that the 



© 2004 The Society lor Applied Microbiology, Letters in Applied Microbiology, 39, 187-193, doi:10.1 1 11/j.1472-765X.2004.01SS9.x 



190 A T. CSORDAS ET AL. 



Table 3 Procedures and experimental conditions 



Procedure 




[Primer] 
(nmol I" 1 ) 


PCR reagents* 


Bacteria 




[Bacteria] 
(CFU rxn"') 


Initial screening, 


Sal, INVA, iroB, Fim, ST 


500 


Master Mix 


Salm. entt 


■rica serovars, Table 1 


10 3 


traditional primers 
Sensitivity 


Sal, INVA 


250 


Core Reagents 


Salm. entt 




10 6 -10 3 


Software analysis 


Sal, INVA, Sen 












Specificity 




250 


Core Reagents 


All bacter 


a, Table 1 


10 3 


Sensitivity 


Sen 


250 


Core Reagents 


Salm. entt 


rica Newport 


10 6 -10° 



•SYBR Green Master Mix or Core Reagents. 



correct sequences were amplified. A primer set was 
considered for sensitivity testing if the initial results 
indicated single peaks in the dissociation plots, no peaks in 
the negative control dissociation plots and if agarose gel 
electrophoresis indicated that the correct size fragment was 
formed. Sensitivity testing involved three replicates per 
experiment using three separate experiments with each 
primer set. Salm. enterica Newport, an outbreak strain 
associated with produce, was used for sensitivity testing with 
levels ranging from 10 6 to 10 3 CFU rxn -1 for the Sal and 
INVA primer sets and approximately 10 6 to 10° CFU rxn -1 
for the Sen primer set. 

The detection limit of a particular primer set was 
determined by comparing the mean threshold cycle (Ct) 
value of the dilution with the mean Ct value of the negative 
control reactions. In the case of the Sal and INVA primer 
sets a one-tailed Student's /-test with oi = 0 05 was 
performed to determine if there was a significant difference 
between the mean Ct values of the negative control 
reactions and the reactions containing the Salm. enterica 
Newport dilution of interest. Primer set detection limits 
were established by determining the lowest Salm. enterica 
Newport cell density mean C T that was significantly 
different from the negative control. 

RESULTS 

Testing Sal, INVA, iroB, Fim, and ST primer sets 
using Salm. enterica serovars 

The Sal, INVA, iroB, Fim and ST primer sets were tested 
with all Salm. enterica serovars shown in Table 1. Fig- 
ure I(a,b) show typical dissociation plots with each of the 
primer sets. The dissociation plots of the iroB and ST 
primer sets displayed multiple peaks with each serovar, 
while agarose gel electrophoresis showed a single band at the 
expected size in all cases. Without sequencing the PCR 
products, it was difficult to conclude if single or multiple 
products were formed with the iroB and ST primer sets. 
Furthermore, the iroB gel results produced faint bands and 




70 75 80 85 90 



Temperature (°C) 

Fig. 1 Results of specificity testing using the iroB, ST, Fim, Sal, and 
INVA primer sets with Salm. enterica Schwarzengrund at a concen- 
tration of 6 x 10* CFU rxn" 1 . Primer sets: (a) iroB (•), ST (o), 
Fim (▼); (b) Sal (•), INVA (o) 

small dissociation peaks for Salm. enterica serovars Newport, 
Albany, Enteritidis and Baildon with significant amounts of 
primer dimer formation seen in these reactions. Thus, the 
iroB and ST primer sets were not used in the sensitivity 
experiments. 
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The Fim primer set produced a single 85 bp product and a 
single peak in the dissociation plot. However, primer dimers 
formed in the negative control reaction of the same size and 
position on the dissociation plot as the expected product. 
Testing this primer set at a reduced concentration of 
250 nmol F 1 could help to reduce primer dimer formation. 
However, even if the size of the primer dimer seen in the 
negative control reaction was reduced, it may be difficult to 
interpret results from the Salm. enterica reactions because it 
will not be possible to tell if the fluorescent signal generated is 
from the target product, a primer dimer, or a combination of 
both. As it was not possible to distinguish between the Salm. 
enterica reactions and the negative control reactions in either 
dissociation analysis or gel electrophoresis, the Fim primer 
set was not used for further experimentation. 

The INVA primer set results indicated that products of 
the correct size were formed with all Salm. enterica serovars 
tested. Figure 1(b) shows a large primary peak at 80°C along 
with a smaller secondary peak (which may have been a 
primer dimer) at a melting temperature of about 74°C. The 
larger peak in the dissociation analysis corresponded to the 
244 bp product seen in the agarose gel (data not shown), as 
expected. As the primary product peak was clearly distin- 
guishable from the smaller peak, the INVA primer set was 
used for sensitivity testing. 

All Salm. enterica serovars tested with Sal were detected at 
10 3 CFU rxn -1 with little to no primer dimer formation. 
The peak seen at 85°C in the dissociation plot of Fig. 1(b) 
corresponded to the expected 275 bp product seen in the gel 
analysis. The Sal primer set yielded the expected product 
for all Salm. enterica serovars and was therefore selected for 
sensitivity analysis. 

Sensitivity of the Sal and INVA primer sets 

In the case of both Sal and INVA primer sets, the 
dissociation plots showed that as the amount of initial 
template decreased, the height of the primer dimer peak 
increased and the height of the product peak decreased (data 
not shown). The detection limits of the Sal and INVA 
primer sets were approx. 3 X 10 3 and 3 X 10 4 CFU rxn" 1 , 
respectively. 

Primer analysis and design 

As a lower detection limit was desired, software was used to 
compare the Sal and INVA primer sets with a new primer 
set design. Analysis of INVA and Sal indicated that these 
primer sets might form primer dimers, as indicated by the 
relatively large negative AG values associated with different 
primer dimer formations (data not shown). 

A new primer set, Sen (Salm. enterica), also targeting the 
invA gene was designed and tested for Salm. enterica 



specificity using Salm. enterica and non-Salmonella isolates. 
The detection limit of Sen was also tested with Salm. 
enterica Newport. Table 2 gives the Sen primer set 
sequence. The software results indicated that only the 
reverse primer, Sen-2, has the potential for false priming on 
the invA gene (data not shown). 

Sen primer set specificity and sensitivity 

All Salmonella serovars shown in Table 1 formed a single 
product near the expected size, based on the real-time 
PCR dissociation plots and agarose gel electrophoresis 
results (data not shown). Sen primer set PCR products 
were sequenced in both directions and the product formed 
was the expected length of 172 bp. A BLAST analysis of 
the sequence results indicated that the correct sequence of 
bases was formed (accession number: AE008832, 
McClelland et al. 2001). None of the non-Salmonella 
bacteria crossed the real-time PCR threshold value, Rn = 
0-5, over the course of 40 cycles (data not shown). 
Therefore, this primer set was considered specific for 
Salm. enterica. 

Typical sensitivity results with the Sen primer set 
are shown in Fig. 2. Figure 2(a) shows that Salm. 
enterica Newport was detectable from 6 X 10 s to 
6 x 10° CFU rxn" 1 , while the negative control reaction 
did not generate visible dsDNA. Additionally, as seen in 
Fig. 2b, no primer dimers were formed with the Salm. 
enterica Newport dilutions and all product peaks were found 
at a temperature of 82 ± 1°C. 

The Sen sensitivity results indicate that the negative 
control reactions did not generate enough dsDNA to cross 
the relative fluorescence threshold value. As no negative 
control C T values were available for comparison with Salm. 
enterica reaction C T values, no statistical tests were 
performed. Detection limits of 80, 6 and 20 CFU rxn -1 
were found in three separate runs, giving an average 
detection limit of 35 CFU rxn" 1 with a standard deviation 
of 39 CFU rxn" 1 . 

DISCUSSION 

In comparing the six primer sets for detection of Salm. 
enterica with real-time PCR, we chose to use pure cultures in 
sterile water as the first step in assay development. The 
formation of primer dimers in real-time PCR applications 
generates false-positive signals (Higuchi et al. 1992). These 
primer dimers ultimately lead to poor detection limits even 
without the presence of inhibiting substances found in field 
samples. 

With varying degrees of amplification, all primer sets 
tested with the Salm. enterica serovars shown in Table 1 
formed PCR products of the expected sizes at 
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(a) 




10 15 20 25 30 35 40 
Cycle number 



(b) 




70 75 80 85 90 
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Fig. 2 Amplification and dissociation plots with the Sen primer set 
amplifying the DNA of Salm. enlerica Newport. Cell concentrations: 
(a) 6 x 10 s CFU rxn" 1 (•), 6 x 10* CFU ran" 1 (o), 
6 x 10 3 CFU rxn"' (T), 6 x 10 2 CFU rxn -1 (V), 6 x 10 l CFU rxn _1 
(■), 6 x 10° CFU ran" 1 (□), 6 x 10"' CFU rxn"' (♦). Cell concen- 
trations: (b) 6 x 10 s CFU rxn -1 (•), 6 x 10 4 CFU rxn" 1 (o), 
6 x 10 3 CFU rxn" 1 (T), 6 x 10 2 CFU rxn' 1 (V), 6 x 10 1 CFU rxn" 1 
(■), 6 x 10° CFU rxn" 1 (□), 6 x NT 1 CFU rxn" 1 (♦), negative 
control (O) 

10 3 CFU rxn" 1 . However, multiple peaks were seen in the 
dissociation plots of the ST and iroB primer sets with most 
of the Salm. enlerica serovars tested, and this may have been 
the result of two products formed that were close to one 
another or a single product with a DNA sequence that 
generates a complex melting profile. Li et al. (2003) 
demonstrated that complex melting profiles can result from 
small single PCR products with SYBR Green dye. Their 
data indicate that regions of high A/T and G/C bases 
contribute to the shape of the melting profile of a product. A 
complex melting profile in the dissociation analysis of a PCR 
product that shows a single band on a gel requires 
sequencing to confirm that one product was actually formed 
and co-migrating bands were not present. 



With the exception of one sample at 8 CFU rxn -1 , all 
dissociation plots for Sen primer products displayed single 
peaks larger than the background signal. The dissociation 
analyses confirmed that the correct melting temperature was 
found in each of the Sen primer set products generated. 

Although extraction and enrichment procedures may 
improve the sensitivity of PCR, both steps are time 
consuming and labour intensive and, thus, were not used 
here to prepare the samples. Without an enrichment 
technique to increase levels of target DNA or an extraction 
process to purify DNA from a sample, the choice of primer 
set is critical in a real-time PCR application. At high 
template concentrations (10 6 -10 5 CFU rxn -1 ), both the Sal 
and INVA primer sets were consistently able to amplify the 
target fragment of interest. However, PCR with less 
template often generated primer dimers, ultimately yielding 
poor detection limits. The primer software was valuable in 
predicting the tendency for dimer formation and designing 
the Sen primer set which was ultimately the most sensitive 
primer set we tested. Using primers developed for tradi- 
tional PCR may lower real-time assay sensitivity. Therefore, 
new primers are required specifically for real-time PCR. 

The ultimate goal of this research is to build an automated 
biosensor for field use to screen for pathogens in the 
irrigation/wash water from fruits and vegetables. Jackson 
et al. (2003) started this work and developed components for 
such a biosensor. An ideal biosensor rapidly confirms the 
presence or absence of its target. While enrichment 
techniques have been used prior to PCR for sensitive 
detection of Salmonella {Eyigor et al. 2002; Bhagwat 2004), 
these procedures typically take hours and such practices are 
incompatible with the goal of rapid detection. In order to 
improve our detection limit, an automated concentration 
mechanism is under development for the purpose of 
increasing the cell densities of liquid test samples. DNA 
extraction steps may also improve PCR target detection, but 
not all steps in an extraction process are easily automated. 
Obtaining a specific and sensitive primer set for real-time 
PCR detection of Salm. enterica under ideal conditions 
was the first step in the development of an automated 
biosensor. The next step will be testing Salm. enterica 
detection performance in spiked water samples from 
produce operations. 
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INTRODUCTION 

During the past decade, advances in PCR technology and 
other DNA signal and target amplification techniques have 
resulted in these molecular diagnostics becoming key proce- 
dures (4, 107, 117). Such techniques are conceptually simple, 
highly specific, sensitive, and amenable to full automation (54, 
115). The most mature of these technologies, PCR, is in one 
variant or another now common in research laboratories and is 
used increasingly in routine diagnostic laboratory settings and 
undergraduate and high-school teaching (32, 38, 40, 101). In 
diagnostic laboratories the use of PCR is limited by cost and 
sometimes the availability of adequate test sample volume. To 
overcome these shortcomings and also to increase the diagnos- 
tic capacity of PCR, a variant termed multiplex PCR has been 
described. In multiplex PCR more than one target sequence 
can be amplified by including more than one pair of primers in 
the reaction. Multiplex PCR has the potential to produce con- 
siderable savings of time and effort within the laboratory with- 
out compromising test utility. Since its introduction, multiplex 
PCR has been successfully applied in many areas of nucleic 
acid diagnostics, including gene deletion analysis (19, 20), mu- 
tation and polymorphism analysis (86, 96), quantitative analy- 
sis (94, 124), and RNA detection (51, 126). In the field of 
infectious diseases, the technique has been shown to be a 
valuable method for identification of viruses, bacteria, fungi, 
and/or parasites. A representative list of such agents is shown 
in Table 1. 

Based upon our own experience with multiplex PCR and 
those of other authors appearing in the literature during the 
last 10 years, we review the theoretical and practical basis of 
the development and optimization of multiplex PCR systems 
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and discuss the application and potential of this technique in 
the field of diagnostic virology. 



PRINCIPLE AND DEVELOPMENT OF MULTIPLEX PCR 

A number of review and research articles have provided 
detailed descriptions of the key parameters that may influence 
the performance of standard (uniplex) PCR (17, 57, 88, 91, 
112). Fewer publications discuss multiplex PCR (18, 28, 43). 

Primers and Multiplex PCR Efficiency 

The first few rounds of thermal cycling have substantial 
effect on the overall sensitivity and specificity of PCR (92). 
Assuming efficient denaturation of the target, overall success 
of specific amplification depends on the rate at which primers 
anneal to their target and the rate at which annealed primers 
are extended along the desired sequence during the early, 
middle, and late cycles of the amplification. Factors preventing 
optimal annealing rates include poorly designed primers and 
suboptimal buffer constituents and annealing temperature. 
The extension rate of specific primer-target hybrids depends 
on the activity of the enzyme, availability of essential compo- 
nents such as deoxyribonucleoside triphosphates (dNTPs), and 
the nature of the target DNA. Thus, the majority of modifica- 
tions to improve PCR performance have been directed to- 
wards the factors affecting annealing and/or extension rates. 

The optimization of multiplex PCRs can pose several diffi- 
culties, including poor sensitivity or specificity and/or prefer- 
ential amplification of certain specific targets (76). The pres- 
ence of more than one primer pair in the multiplex PCR 
increases the chance of obtaining spurious amplification prod- 
ucts, primarily because of the formation of primer dimers (9). 
These nonspecific products may be amplified more efficiently 
than the desired target, consuming reaction components and 
producing impaired rates of annealing and extension. Thus, the 
optimization of multiplex PCR should aim to minimize or 
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. Representative list of applications of multiplex PCR to the diagnosis of infectious diseases 



Clinical manifestation(s) and/or specimen 



Virus 


HIV-1, HIV-2, HTLV-1, and HTLV-2 

HSV-1, HSV-2, VZV, CMV, HHV-6, EBV, and EVs" 


Blood 

Meningitis, encephalitis, or meningoencephalitis; CS 


45 

F 13, 14 


Bacterium 


Haemophilus influenzae, Streptococcus pneumonia. 
Mycoplasma calanhalis, and Albiococcus otitidis 

Campylobacter jejuni and Campylobacter coli 

Actinomyces acHnomycetemcomitans, Porphyromonas 
intermedia, and Porphyromonas gingivalis 

N. gonorrhoeae and C. trachomatis 

C. trachomatis, N. gonorrhoeae. Urea plasm a urealytkum, 
and M. genitalium 


Upper respiratory tract 

Human campylobacteriosis 
Periodontal infection 

Genital infections 
Genital infections 


42 

37 
34 

60, 118 
59 


Parasite 


Giardia lamblia and Cryptosporidium parvum 
Leishmania spp. 


Diarrheal disease; water 
Leishmaniasis 


52,89 
5,39 


Combination 


HSV, H. ducreyi, and T. pallidum 
HPVs, HSV, and C. trachomatis 
Adenovirus, HSV, and C. trachomatis 
EV, influenza viruses A and B, RSV, PIV types 1 and 3, 
adenovirus, M. pneumoniae, and C. pneumoniae 


Genital ulcer disease 

Genital swabs 

Keratoconjunctivitis 

Acute respiratory tract infections 


7, 73 
64 

Yeo et al." 
36 



* Abstr. 97th Gen. Meet. Am. Soc. Microbiol., 1997. 



reduce such nonspecific interactions. Empirical testing and a 
trial-and-error approach may have to be used when testing 
several primer pairs, because there are no means to predict the 
performance characteristics of a selected primer pair even 
among those that satisfy the general parameters of primer 
design (43). However, special attention to primer design pa- 
rameters such as homology of primers with their target nucleic 
acid sequences, ttieir length, the GC content, and their con- 
centration have to be considered (26, 65, 72, 88, 95, 120). 
Ideally, all the primer pairs in a multiplex PCR should enable 
similar amplification efficiencies for their respective target. 
This may be achieved through the utilization of primers with 
nearly identical optimum annealing temperatures (primer 
length of 18 to 30 bp or more and a GC content of 35 to 60% 
may prove satisfactory) and should not display significant ho- 
mology either internally or to one another (17, 26, 43). 

Preferential amplification of one target sequence over an- 
other (bias in template-to-product ratios) is a known phenom- 
enon in multiplex PCRs that are designed to amplify more than 
one target simultaneously (68, 76, 109). Based on both theo- 
retical modeling and experimental studies, two major classes of 
processes that induce this bias have been identified, PCR drift 
and PCR selection (108). PCR drift is a bias assumed to be due 
to stochastic fluctuation in the interactions of PCR reagents 
particularly in the early cycles, which could arise in the pres- 
ence of very low template concentrations (26, 68); variations in 
ihe thermal profiles of a thermocycler, resulting in unequal 
ramping temperatures; or simple experimental error. PCR se- 
lection, on the other hand, is defined as a mechanism which 
inherently favors the amplification of certain templates due to 
the properties of the target, the target's flanking sequences, or 
the entire target genome. These properties include interregion 
differences in GC content, leading lo preferential denaiur- 
ation; higher binding efficiency because of GC-rich primers; 
differential accessibility of targets within genomes due to sec- 
ondary structures; and the gene copy number within a genome. 
In addition, the choice of primers has been shown to be crucial 
to avoid PCR selection. Amplification biases that were strongly 
dependent on the choice of primers and dependent to a lesser 
extent on the templates have been described (100). Some 



primer pairs with high amplification efficiency resulted in tem- 
plates being saturated (plateau phase), while other primer 
pairs produced product independent of starting template con- 
centrations. Primers with lower amplification efficiency re- 
sulted in product concentrations below the saturation concen- 
trations, and depending on the template, either the expected 
product ratio or bias was observed. 



Other PCR Components 

Alteration of other PCR components such as PCR buffer 
constituents, dNTPs, and enzyme concentrations in multiplex 
PCR over those reported for most uniplex PCRs usually results 
in little, if any, improvement in the sensitivity or specificity of 
the test. Increasing the concentration of these factors may 
increase the likelihood of mis-priming with subsequent pro- 
duction of spurious nonspecific amplification products. How- 
ever, optimization of these components in multiplex PCRs that 
are designed for simultaneous amplification of multiple targets 
may prove beneficial. For example, in the multiplex PCR for 
the dystrophin gene (nine genomic targets), a Taq DNA poly- 
merase concentration (with an appropriate increase in MgCI 2 
concentration) four to five times greater than that required in 
uniplex PCR was necessary to achieve optimal nucleic acid 
amplification (19). Variation in concentrations of reaction 
components above those used in uniplex PCR probably reflects 
the competitive nature of the PCR process. The desired target 
DNA can be outcompeted by the more efficient amplification 
of other targets (including nonspecific products), leading to 
decreases in the efficiency of the amplification of the desired 
targets and hence sensitivity of the reaction (79). 

PCR addilives, such as dimethyl sulfoxide, glycerol, bovine 
serum albumin, or betaine, have been reported to be of benefit 
in multiplex PCRs (49, 62). The components may act to pre- 
vent the stalling of DNA polymerization, which can occur 
through the formation of secondary structures within regions 
of template DNA during the extension process (44). Such 
cosolvents may also act as destabilizing agents, reducing the 
melting temperature of GC-rich sequences, or as osmopro- 
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tectants, increasing the resistance of the polymerase to dena- 
turation (44, 83). 

Variations in Methodology To Improve 
Sensitivity and Specificity 

A straightforward solution to difficulties encountered in the 
development of multiplex PCR has been the use of hot start 
PCR (21) and/or nested PCR (123). The former often elimi- 
nates nonspecific reactions (particularly production of primer 
dimers) caused by primer annealing at low temperature (4 to 
25°C) before commencement of thermocycling (21). The pro- 
cedure has recently been made more practicable through the 
use of a nonmechanical hot start methodology which involves 
the use of a form of Taq polymerase, for example, Amplitaq 
Gold (Roche Diagnostics), which is activated only if the reac- 
tion mixture is heated at approximately 94°C for 10 min (the 
first denaturation step) (8, 53). Nested PCR increases the 
sensitivity and specificity of the test through two independent 
rounds of amplification using two discrete primer sets. Al- 
though this adaptation is undoubtedly effective in most cases, it 
also considerably complicates the practical application of PCR. 
The second round of amplification delays results, increases the 
possibility of cross-contamination, and may complicate auto- 
mation. 

General Considerations for Multiplex PCR Development 

Development of multiplex PCRs should follow a rational 
approach for the inclusion or exclusion of specific pathogens in 
the assay. These pathogens can be organ system specific or 
symptom specific with respect to the age of the patient and the 
epidemiological characteristics of these pathogens. PCR con- 
ditions, such as compatibility among the primers within the 
reaction mixture such that there is no interference, is of gieat 
technical importance. The primer pairs must be inclusive for as 
many strains of the target pathogen as possible, and depending 
on the arnplicon detection method, their targets are easily 
resolvable. The latter may be achieved by using primer pairs 
that result in PCR products that can be separated and clearly 
visualized using gel electrophoresis or hybridization probes 
with maximum specificity. Prior to application in a clinical 
setting, multiplex PCRs must be evaluated for their sensitivity 
as compared with their corresponding uniplex PCRs using both 
serial dilutions of the target DNA and clinical specimens. 

Wherever possible, multiplex PCRs should avoid the use of 
nested primers requiring a second round of amplification. The 
latter is a major contributor to false-positive results due to 
carryover contamination, although anticontaraination proto- 
cols including PCR controls (reaction and specimens extrac- 
tion controls) must be implemented in all PCR-based proto- 
cols (55). Likewise, precautions and methodologies to avoid 
false-negative results due to reaction failure have to be con- 
sidered (104). Multiplex PCRs thai amplify target sequences 
along with the presence of external or internal control target 
nucleic acids to indicate reaction failure have been developed 
(49, 62, 69). 

APPLICATION OF MULTIPLEX PCR IN 
DIAGNOSTIC VIROLOGY 
During the last decade, a number of studies have demon- 
strated the practicality of identifying viral pathogens in many 
clinical and epidemiological settings using multiplex PCR (Ta- 
ble 2). The technique has been used to screen for individual or 
symptom-associated viruses and examine associations of virus 
infection with disease. In addition, the technique has been 



shown to be a powerful and cost-effective tool for typing and 
subtyping virus strains in different epidemiological studies. 

Neurotropic Viruses 

PCR has proved to be a powerful tool for investigating 
meningitis and encephalitis caused by a variety of viruses. In 
neurological disease the requirement of rapid and reliable 
diagnosis to provide a rational basis for chemotherapy and 
limit unnecessary procedures and irrelevant therapy has driven 
development. The wide range of viruses associated with neu- 
rological disease includes herpes simplex virus (HSV); cyto- 
megalovirus (CMV); varicella-zoster virus (VZV); Epstein- 
Barr virus (EBV); human herpes virus 6 (HHV-6); the 
enterovirus group, including echoviruses, polioviruses, and 
coxsackieviruses; adenoviruses; JC and BK viruses; arenavi- 
ruses; paramyxoviruses; rabies; and arboviruses. In view of the 
large number of potentially neuroinvasive viruses and because 
of the limited volume of the most useful diagnostic specimen — 
cerebrospinal fluid (CSF)— a number of multiplex PCRs have 
been developed (12-15, 82, 102). 

The feasibility of simultaneous screening for viruses, bacte- 
ria, and parasites in CSF specimens from patients with aseptic 
meningitis or encephalitis has been described (82). This study 
by Read et al. (82) utilized three nested multiplex PCRs for 
detection of HSV and VZV; EBV and HHV-6; and members 
of the enterovirus group and echovirus type 22 and 23. In 
addition, two uniplex PCRs were used for detection of CMV 
and JC virus. In a total of 2,233 CSF specimens from 2,162 
patients, the PCR was positive in 147 specimens from 143 
patients (6.6% of all patients) including enteroviruses (77 pa- 
tients), HSV-1 (20 patients), VZV (7 patients), HSV type 2 
(HSV-2) (6 patients), CMV (3 patients), JC virus (2 patients), 
and HHV-6 (1 patient). Al) PCR assays remained negative 
with 28 control CSF specimens. The clinical sensitivity and 
specificity of this PCR were not determined because full clin- 
ical information was not available for all of the patients. 

A nested multiplex PCR for detection and differentiation of 
HSV-1 and -2 on the basis of PCR product size has also been 
described (14). In a prospective analysis, a total of 417 CSF 
specimens obtained from 395 consecutive patients with clinical 
suspicion of HSV encephalitis, meningitis, or meningoenceph- 
alitis were tested by multiplex PCR. The test was positive for 
HSV-1 in 1 1 specimens (2.6%) from 10 patients and for HSV-2 
in 4 specimens (1.0%) from 3 patients; no coinfection with 
both types was reported. The same multiplex PCR was used to 
test a total of 178 CSF samples obtained from 171 patients with 
clinical suspicion of herpes virus infection (15). The assay was 
positive for HSV-1 in three samples (1.7%) from two patients 
(1.2%) and for HSV-2 in one sample, and one patient tested 
positive in a nested uniplex CMV PCR. A similar procedure to 
detect the DNA of both viruses (HSV-1 and -2) was applied to 
CSF samples from 91 8 human immunodeficiency virus (HI V)- 
infected patients with neurological symptoms (22). In patients 
for whom a diagnosis was confirmed at autopsy, the test was 
positive for HSV-1 or -2 for 19 patients (2%), producing a 
sensitivity and specificity of 100 and 99.6%, respectively. 

The first nested multiplex PCR for detection and typing of 
herpesviruses (HSV-1 and -2, VZV, CMV, HHV-6, and EBV) 
was applied to CSF from patients with meningitis, encephalitis, 
and other clinical syndromes (102). By utilizing equimolar con- 
centrations of primers aligning the 3' ends with one of two 
consensus regions within the herpesvirus DNA polymerase 
gene and the 5' ends with the related or nonrelated sequences 
of each agent to be amplified, the first round of amplification 
yielded a 194-bp fragment indicating the presence of herpes- 
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TABLE 2. Application of multiplex PCR for diagnosis of viral infections 


Clinical manifestauon(s) 


Specimen(s) 


Viruses and/or other agenu» targeted 


Reference(s) 


Meningitis, encephalitis, 
and/or meningo- 
encephalitis 


CSF 


HSV-1, HSV-2, and CMV 

HSV and VZV; EBV and HHV-6 

HSV-1, HSV-2, VZV, CMV, HHV-6, and EBV 

HSV-1 and HSV-2 

HSV-1, HSV-2, VZV, CMV, HHV-6, EBV, and 
EVs" 

CMV, EBV, HHV-6, HHV-7, and HHV-8 
EBV and T. gondii 


14 
81 
102 
15 

12, 13 

77 
87 


Upper and lower 
respiratory infections 


Throat, nose, and nasopharyngeal 
swabs; nasopharyngeal and 
endotracheal aspirates; 
bronchoalveolar lavage 


Influenza viruses A and B 

PIV types 1, 2, and 3 

Influenza virus and RSV 

RSVs A and B, influenza viruses A and B, PIV 

types 1, 2, and 3 
RSV, PIVs, adenovirus 

EV, influenza viruses A and B, RSV, PIV types 1 
and 3, adenovirus, M. pneumoniae, 
C. pneumoniae 


30 
27 
98 
33 

74 

36 


Conjunctivitis, keratitis, 
keratoconjunctivitis 


Conjunctival and corneal swabs 


HSV-1 and HSV-2 

Adenovirus and HSV 

Adenovirus, HSV, and C. trachomatis 


15 
49 

Yeo et al « 


Genital ulcer disease 


Genital ulcer swabs 


HSV, H. ducreyi, and T. pallidum 




Genital lesions 


Lesion and endocervical swabs 


HPVs, HSV, and C. trachomatis 


64 


HPV-associated genital 


Cervical scrapings, smears, and 
biopsies; vaginal and vulval 


HPVs 


23, 35, 56, 75, 97, 123 


Vesicular rashes 


Vesicle fluids 


HSV and VZV 


3 


Hepatitis 


Serum and plasma samples 


HBV genotypes 

HCV, HGV, and GB viruses 


84 
16 


Immunocompromised 


Plasma 
Blood 


HHV-6 and HHV-7 

HIV-l, HIV-2, HTLV-1, HTLV-2 


67 
45 



» Abst'r. 97th Gen. M«et. Am. Soc. Microbiol.. 1997. 



virus. The second round of amplification utilizing primer mix- 
tures contained nonhomologous and type-specific primers se- 
lected from different regions of the aligned DNA polymerase 
genes of human herpesviruses produce a product with a dif- 
ferent size for each related virus. The method amplified the 
corresponding virus in infected cells and in five clinical samples 
(HSV-1 PCR-positive CSF from a patient with encephalitis, 
HSV-2 PCR-positive CSF from a patient with meningitis, VZV 
culture-positive vesicular fluid from a patient with shingles, 
CMV culture-positive urine from a congenitally infected pa- 
tient, and EBV PCR-positive peripheral blood from a patient 
with a lymphoproliferative syndrome). In addition, the use of 
primers targeting consensus regions may allow recognition of 
new, undescribed human herpesviruses. The detection of a 
194-bp fragment after the first reaction with no positive signal 
in the second round of amplification could reflect the detection 
of a new human herpesvirus. The test was further modified to 
include a reverse transcription step and primer pairs to detect 
enterovirus cDNA (12). This PCR was then evaluated in 21 
patients with etiologically well -characterized aseptic meningitis 
and encephalitis. HSV DNA was detected in nine patients, 
VZV DNA was detected in 6 patients, and enterovirus RNA 
was detected in 6 patients. The test was further evaluated for 
detection of these same viruses in CSF samples by a prospec- 



tive study of 200 neurological -disease patients suspected to 
have viral infections. Enterovirus was detected in 49 patients, 
HSV was detected in 3 patients, VZV was detected in 6 pa- 
tients, CMV was detected in 12 patients, EBV was detected in 
2 patients, CMV and HSV were detected in one AIDS patient 
with encephalitis, and CMV and EBV were detected in an- 
other AIDS patient with polyradiculomyelitis. For detection of 
echovirus 30 in 50 patients with aseptic meningitis, the multi- 
plex reverse transcription (RT)-PCR was more sensitive (90% 
sensitivity) than cell culture (26% sensitivity) and the Amplicor 
EV lest (86% sensitivity). These studies demonstrate the utility 
of this multiplex RT-PCR for detection of enteroviruses and 
herpesviruses in CSF samples from patients with various neu- 
rological manifestations and the usefulness of the technique in 
patient management and design of antiviral therapy. 

In the United Kingdom, a nested multiplex PCR for the 
deieciion of HSV-1 and -2, VZV, and enteroviruses, the four 
most common causes of viral meningitis and encephalitis, was 
developed and evaluated using a total of 1,683 consecutive 
CSF samples (81). The test was positive in 138 (8.2%) of the 
specimens (enteroviruses in 51 samples, HSV-2 in 33 samples, 
VZV in 28 samples, and HSV-1 in 25 samples). Of the 51 
patients positive for enterovirus RNA, 17 were babies less than 
6 months old in whom the CNS infection was detected as part 
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of a general infection screen and 34 patients were older chil- 
dren and adults who had encephalitis and meningitis. In the 
group positive for VZV (28 patients), 16 patients had menin- 
gitis and 10 had encephalitis but clinical details were not avail- 
able for 2 patients. HSV-1 was detected in two babies less than 
6 months old and in 23 adults (22 had encephalitis and 1 had 
a benign lymphocytic meningitis). The HSV-2-positive patients 
(33 patients) included five babies less than 6 months old, two 
adults with meningoencephalitis, and 26 patients more than 6 
months old with benign lymphocytic meningitis. These tests 
proved suitable for routine use in a diagnostic laboratory and 
highlighted the importance of screening for more than one 
virus in patients with meningitis and encephalitis. 

Although the studies described above (13-15, 81, 82, 102) 
produced satisfactory results in terms of simultaneous screen- 
ing for neurological manifestation-associated viruses (for ex- 
ample herpesviruses), the multiplex PCRs developed utilized a 
nested strategy. The latter as described earlier may increase 
the chance of false-positive results due to contamination and 
may also complicate automation. A recent study (63) utilized a 
PCR assay which precludes the use of nested primers for si- 
multaneous amplification of herpesviruses DNAs. This assay, 
termed consensus PCR, uses a pair of "stair" primers, which 
are based on consensus sequences selected from within the 
DNA polymerase gene and were 76 to 86% identical to the 
genomic sequences of the six herpesviruses (HSV-1, HSV-2, 
CMV, EB V, VZV, and HHV-6) that may infect the CNS. Each 
stair primer used comprised an equimolar mixture of 11 oli- 
gonucleotides corresponding to a consensus sequence: all 
primers had the same 5' end but extended for 20 to 30 nucle- 
otides in the 3' direction. The PCR products were analyzed by 
hybridization in microtiter plates using virus-specific, biotinyl- 
ated oligonucleotide probes. The consensus PCR was evalu- 
ated using 142 CSF samples previously tested by standard 
uniplex PCRs. Eighteen samples (12.7%) tested positive by the 
uniplex PCRs, and 37 (26%) tested positive by the consensus 
PCR, including 3 samples that had coinfections (CMV, VZV, 
and HSV-2; VZV and HSV-2; and CMV and HHV-6). Of the 
142 CSF samples, 103 were classified as negative by both the 
uniplex PCRs and the consensus PCR. In addition, the test 
showed high diagnostic utility in that several cases were found 
to be positive for viruses for which tests were not requested by 
the clinician. 

The problem in evaluating all of the aforementioned multi- 
plex PCR studies is that most have not included complete 
patient detail. Thus, while many positive results have been 
related to compatible clinical illness, positive results are not 
reported in all patients with similar conditions. Nevertheless, 
the multiplex PCR detects more positive specimens and is 
more rapid than conventional techniques such as culture or 
serology. However, the latter procedures are either insensitive 
or slow and make an unsatisfactory yardstick ("gold standard") 
against which to measure the accuracy of multiplex PCR. Be- 
cause uniplex PCR has more data available and thus is better 
substantiated as to its clinical value, results of multiplex PCR 
should be compared with those of uniplex PCR to ensure that 
multiplex PCR has equivalent sensitivity, specificity, and clin- 
ical relevance. 

Respiratory Viruses 

Viruses that commonly cause respiratory infection include 
respiratory syncytial virus (RSV), influenza viruses and para- 
influenza viruses (PIV), and adenovirus, especially in infants 
and young children. Infection with these viruses may result in 
severe lower or upper respiratory tract disease requiring hos- 



pitalization. Thus, sensitive and rapid testing for these viruses 
is crucial to reduce the potential of nosocomial transmission to 
high-risk patients, limit unnecessary antibiotic use, and direct 
appropriate therapy following a specific diagnosis (119). For 
this reason, a number of studies have aimed to develop and 
evaluate multiplex PCR for detection of these viruses and 
provided substantial evidence of the utility of this technique as 
an important tool for management of patients presenting with 
respiratory infections. A number of studies have utilized mul- 
tiplex PCR to both detect and type or subtype influenza vi- 
ruses, PIVs, and RSV in clinical specimens and are summa- 
rized below. 

A nested multiplex RT-PCR which included three primer 
pairs in each round of amplification was utilized for the simul- 
taneous detection, typing, and subtyping of influenza type A 
(H3N2 and H1N1) and type B viruses in a prospective surveil- 
lance of influenza in England in the 1995-1996 winter season 
(30). A total of 619 combined nose and throat swabs from 
patients with an influenza-like illness were analyzed by culture 
and multiplex PCR. The multiplex RT-PCR detected influenza 
viruses in 246 (39.7%) samples compared to the 200 (32.3%) 
which yielded influenza viruses in culture. In addition, there 
was excellent correlation between the multiplex RT-PCR and 
culture for typing and subtyping of influenza viruses (100%) 
and for temporal detection of influenza A H3N2 and H1N1 
viruses. It was concluded that whereas the multiplex RT-PCR 
demonstrated its utility in detection of influenza viruses in 
patients with influenza-like illness, patients with influenza-like 
illness who are negative for influenza viruses may harbor a 
pathogen(s) producing a syndrome difficult to distinguish clin- 
ically from true influenza (for example, RSV). Indeed, when 
this multiplex RT-PCR was modified so that it was capable of 
detecting and subtyping influenza A (H1N1 and H3N2) and B 
viruses as well as RSV subtypes A and B in respiratory clinical 
samples (98), the assay again demonstrated excellent (100%) 
correlation with the results of culture and serology. The ability 
of the test to detect viral coinfection in both simulated speci- 
mens and clinical samples was also demonstrated. 

A nested multiplex RT-PCR using three primer pairs was 
developed to detect PIV types 1, 2, and 3 in throat and naso- 
pharyngeal swabs (27). In the first round of amplification, 
similar-size fragments are produced. In the second round of 
amplification a series of three internal primer pairs are intro- 
duced, producing type-specific amplicons that were easily dif- 
ferentiated based on size upon gel electrophoresis. The test 
detected and correctly typed PIV in 15 isolates and 26 of 30 
(87%) previously positive nasopharyngeal specimens but re- 
mained negative in naso- or oropharyngeal specimens and/or 
culture isolates of 33 unrelated respiratory tract pathogens. In 
a modified version, the test was also used to detect RSV and 
adenovirus utilizing five primer sets to amplify cDNA of RSV 
subtypes A and B; PIV types 1, 2, and 3; and DNA of adeno- 
virus lypes 1 to 7 (74). The test was sensitive and specific for all 
12 tissue culture-grown prototype viruses and when applied to 
respiratory specimens was more sensitive (41 of 112) than 
direct immunofluorescence or antigen detection following cul- 
ture (34 of 112). Among positive samples, multiple respiratory 
viruses were found in four specimens, further illustrating the 
potential utility of this multiplex PCR assay. 

A multiplex quantitative RT-PCR enzyme hybridization as- 
say (Hexaplex; Prodesse, Inc., Milwaukee, Wis.) which com- 
bines primers originating from highly conserved regions of 7 
respiratory viruses (RSV subtypes A and B; PIV types 1, 2, and 
3; and influenza viruses A and B) with probes for the detection 
of PCR products using enzyme hybridization assay has also 
been described (33). The assay provides rapid simultaneous 
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detection, identification, and quantitation of these viruses in 
nasal wash specimens in a single test. The primer and the 
probes utilized were evaluated using multiple virus isolates 
from each group and resulted in specific PCR products from 
all tissue culture-positive specimens without cross-reactivity 
among these seven viruses or with other common human re- 
spiratory viruses. The Hexaplex assay was applied on nasal 
wash specimens from 69 children with signs of lower respira- 
tory tract infection and 40 specimens from asymptomatic chil- 
dren. Of the 69 specimens from symptomatic children, 37 were 
positive by the Hexaplex assay but only 29 of these were culture 
positive. Both the Hexaplex assay and virus culture were neg- 
ative in the 40 nasal washes from the asymptomatic children. 
The Hexaplex assay was 100% sensitive and 98% specific in 
comparison with virus culture. 

Multiplex PCR in combination with a heteroduplex mobDity 
shift assay has proved to be a valuable and cost-effective tool 
for monitoring the emergence of new variants or new subtypes 
of influenza viruses arising through the phenomena of anti- 
genic drift and antigenic shift (125, 126). On the basis of 
amplicon size, the amplification assay differentiates the vari- 
able region of the hemagglutinin genes of the HI and H3 
subtypes of influenza viruses A and B and the counterpart 
(hemagglutinin, esterase, and fusion gene) of influenza virus C. 
Variants within the same type or subtype are then identified by 
heteroduplex mobility shift assay of the amplicons. This ap- 
proach proved to be a rapid, sensitive, and reliable method for 
the detection and typing of influenza virus and for screening 
for influenza virus variants, proving capable of identifying new 
influenza B virus variants (126). 

More recently, it has been demonstrated that multiplex PCR 
is a useful and rapid diagnostic tool for the management of 
children with acute respiratory infections (36). This simplified 
hot start multiplex PCR allows simultaneous screening for nine 
different infectious agents (enterovirus, influenza viruses A 
and B, RSV, PIV types 1 and 3, adenovirus, Mycoplasma pneu- 
moniae, and Chlamydia pneumoniae). The test was evaluated 
using clinical samples from 1,118 children with acute respira- 
tory infections and was positive in 395 (35%) samples. Of 
these, 37.5% were positive for RSV, 20% were positive for 
influenza A virus, 12.9% were positive for adenovirus, 10.6% 
were positive for enterovirus, 8.1% were positive for M. pneu- 
moniae, 4.3% were positive for PIV type 3, 3.5% were positive 
for PIV type 1, 2.8% were positive for influenza B virus, and 
0.2% were positive for Chlamydia trachomatis. Seasonal vari- 
ations in the rates of detection of the different organisms were 
noted. The test demonstrated levels of concordance of 95% for 
RSV and 98% for influenza A virus with the data obtained by 
commercially available enzyme immunoassay. 

Genilo-Urinary Infections 

The utility of multiplex PCR in diagnosis of viruses associ- 
ated with genital tract infection is reflected by the numerous 
reports detecting and typing human papilloma viruses (HPVs). 
These multiplex PCRs have a variety of formats but with a 
common aim of detecting and typing HPVs. These include 
PCRs which combined primers to produce a type-specific 
product size (97, 103) or those that utilized degenerate primers 
for HPV screening and strain-specific antisense primers for 
simple typing (56). In an alternative protocol, three consensus 
primer pairs simultaneously detected high-risk (for cervical 
carcinoma) HPV type 16 (HPV-16) and HPV-18 and low-risk 
HPV-6 and HPV-11, and primer pairs for more than 40 other 
HPV types were developed (consensus multiplex PCR) (124). 
This approach was considered to be a consensus multiplex 



PCR assay because all the primers are consensus and are 
multiplexed in the same PCR mixture for simultaneous ampli- 
fication. One primer pair amplifies general HPV DNA from 
more than 40 types, including HPV-6, -11, -16, and -18 (450-bp 
PCR product), indicating HPV infection. Another primer pair 
generates a PCR product of 307 bp if HPV-16 and -18 DNA 
are present in the sample (high-risk HPV infection). The third 
consensus primer pair results in a PCR product of 550 bp with 
low-risk HPV infection (HPV-6 and -11). The assay was eval- 
uated on exfoliated cell specimens obtained from 148 healthy 
women, biopsied specimens from 32 patients with condyloma 
acuminata, and biopsied specimens from 76 patients with in- 
vasive carcinoma of the uterine cervix. The multiplex PCR was 
positive in 47 (31.8%) of the samples from the 148 healthy 
women, but most of the positive samples were in samples from 
women infected with HPV types other than HPV-6 and -1 1 or 
HPV-16 and -18. All samples from patients with condyloma 
acuminata contained HPV DNA but mainly contained HPV- 
6/11 (87.5%), while high-risk HPV had a low prevalence rate 
(6.5%). HPVs were detected in samples from 69 (90.8%) of the 
76 patients with cervical carcinoma, of which high-risk HPVs 
accounted for 82.9%. The method proved to be a simple, 
economical, and reliable tool for detection of HPV infection. 
The simultaneous amplification of the three HPV targets 
should allow rapid approach for distinguishing disease-related 
HPV types: low-risk HPVs (HPV-6 and HPV-11) involved in 
genital, benign lesions, such as warts or condylomas, and high- 
risk HPVs (HPV-16 and HPV-18), which are frequently found 
in malignant lesions of the lower genital tract. This should 
provide valuable information for monitoring and treating pa- 
tients with HPV-related lesions, although the method lacks the 
capability to define individual HPV types, which limits its use- 
fulness in epidemiological investigations. 

Three consensus primers (two sense primers and 1 antisense 
primer labeled with dinitrophenyl) were used in a multiplex 
PCR assay for detection and typing of oncogenic and non- 
oncogenic HPV types (23). The amplification products were 
hybridized with specific labeled oligoprobes mixed in two cock- 
tails (oncogenic and nononcogenic biotinylated HPV oligo- 
probes) which could then be deposited in one well of strepta- 
vidin-coated microplates. PCR products were detected with 
anti-dinitrophenyl monoclonal antibody and horseradish per- 
oxidase (PCR-enzyme immunoassay). The test was evaluated 
in cervical scrapings from 181 patients at high risk for cervical 
cancer selected because of their histories of cytologicai and/or 
histological cervical and vaginal abnormalities. These patients 
were classified with regard to the presence of lesions in cervical 
scrapings as none (i.e., no lesions; n = 137), low grade (i.e., few 
lesions n = 20), and high grade (i.e., many lesions n = 24). In 
patients without lesions, the multiplex PCR detected nonon- 
cogenic HPV in 29 patients (18.3%) and oncogenic HPV in 44 
patients (32.1%), including 21 (15.3%) patients presenting 
wilh coinfeclion. In the low-grade group, oncogenic HPV was 
detected in 12 patients (60%) and nononcogenic HPV was 
detected in 5 patients (25%), including 4 (20%) cases of coin- 
feclion. In the high-grade patients, oncogenic HPVs were de- 
lected in 95.8% (23 patients) with coinfection with nononco- 
genic HPV in 4 of these patients (16.7%). The multiplex PCR 
was negative in scrapings from the remaining 93 patients (85 
patients without lesions, 7 patients in the low-grade group, 
and 1 patient in the high-grade group). The authors con- 
cluded that the test is simple and reproducible and can be 
automated. 

Another variation (75) combined a nested multiplex PCR, 
utilizing primers specific for low- or high-risk HPV types with 
restriction endonuclease analysis. The accuracy of this ap- 
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proach was confirmed by examining cervical scrapings from 44 
patients. HPVs were detected and typed in scrapings from 7 
patients with koilocytosis, 8 patients with dysplasia or meta- 
plasia, 3 patients with condyloma acuminata, and 18 patients 
with cervical invasive neoplasia but in no samples from the 
seven healthy controls. More recently, a simple multiplex PCR 
utilizing three primer pairs for amplification of HPV-16, -18, 
and -33 in combination with a colorimetric microplate hybrid- 
ization as a post-PCR detection system has been developed 
(35). The system uses three type-specific capture oligonucleo- 
tides linked covalently to a single micToplate well and three 
type-specific multibiotinylated probes for detection. The meth- 
odology was evaluated using a total of 55 cervical smears and 
biopsy samples from 55 women with cervical lesions, resulting 
in 100% correlation with the results of other PCRs using con- 
sensus primers. 

A multiplex PCR that combined the detection of C. tracho- 
matis and two viruses (HPV and HSV) was developed, opti- 
mized, and evaluated using cervical and endocervical speci- 
mens from patients suspected to be infected with one or more 
of these agents (64). The test produced 100% correlation with 
the results of the uniplex PCRs in 92 genital swabs (29 were 
positive for HSV, 16 were positive for HPVs, and one was 
positive for C. trachomatis). In addition, a coinfection with 
HPV and HSV was detected by the multiplex PCR. In other 
studies (7, 66, 73), primer pairs for HSV were combined with 
those lor Haemophilus ducreyi and Treponema pallidum to con- 
struct a multiplex PCR for diagnosis of genital ulceration. The 
PCR products were detected utilizing a colorimetric detection 
system in which three separate microwells containing immobi- 
lized oligonucleotide capture probes were used. In one of these 
studies (73), the sensitivity of this multiplex PCR in 298 genital 
ulcer swab specimens to detect HSV, H. ducreyi, and T. palli- 
dum were 100, 98.4, and 91%, respectively, compared to 71.8, 
74.2, and 81% by HSV culture, H. ducreyi culture, and dark- 
field microscopy for T. pallidum, respectively. The same mul- 
tiplex PCR was used to evaluate swab specimens from 38 
sequential patients with genital ulcer disease who received 
clinical diagnoses and syndromic treatment (7). These speci- 
mens were also tested for H. ducreyi by culture which was 
reported to be negative for all specimens tested. Of the 38 
specimens, the multiplex PCR detected HSV in 31 specimens 
(81.6%) and HSV and T. pallidum in 1 specimen (2.3%) (coin- 
fection). The test was negative in the remaining six specimens 
(15.8%). The clinical diagnoses corresponded poorly to the 
results of the multiplex PCR for chancroid and syphilis; none 
of the samples from the six suspected cases of chancroid and 
the one case of syphilis were positive for H. ducreyi and T. 
pallidum, respectively, by the multiplex PCR. Of the six clini- 
cally suspected cases of chancroid, the multiplex PCR was 
negative for all pathogens in one case and positive for HSV in 
the remaining five cases. Of 24 clinically suspected cases of 
genital herpes, 21 cases (87.5%) were confirmed by multiplex 
PCR. 

Although clinical findings correlated poorly with multiplex 
PCR results, it is known that the clinical manifestations of all 
three infections can vary significantly (25). A few specimens 
produced negative results for which there may be several pos- 
sible explanations, including ulcers due to trauma, low organ- 
ism numbers, inadequate sampling techniques, and lesions due 
to other etiologic agents. These studies highlight the advan- 
tages of multiplex PCR over standard laboratory techniques 
and allow the detection of coinfection. 



Ocular Infections 

The benefits of PCR diagnostics over conventional tech- 
niques in the diagnosis of ocular infection are well documented 
for both the anterior and posterior segment of the eye (1, 24, 
31, 80). The development and evaluation of multiplex PCR for 
detection of adenovirus, HSV, and C. trachomatis in cases of 
keratoconjunctivitis demonstrated the feasibility of simulta- 
neous screening for these agents (49; A. C. Yeo, R. J. Cooper, 
D. J. Morris, and C. C. Storey, Abstr. 97th Gen. Meet. Am. 
Soc. Microbiol., abstr. C-416, 1997). These studies further high- 
light the difficulties of multiplex PCR and also provide sub- 
stantial evidence for the importance of careful selection of 
oligonucleotide primers. In the study by Jackson et al. (49), a 
multiplex PCR was designed to detect adenovirus and HSV in 
eye swabs. The test produced results identical to those of virus 
isolation for 18 of 20 eye swabs (positive for adenovirus in five 
swabs, positive for HSV for five swabs and negative for ade- 
novirus and HSV in eight swabs) but the remaining two spec- 
imens positive for adenovirus and HSV by virus isolation were 
negative by the multiplex PCR. However, the multiplex PCR 
proved superior to culture for the rapid diagnosis of viral 
keratoconjunctivitis. Replacement of the adenovirus primer 
pair to allow broader reactivity with adenovirus serotypes and 
inclusion of a primer pair targeting the cryptic plasmid of 
C. trachomatis (A. C. Yeo, R. J. Cooper, D. J. Morris, and 
C. C. Storey, Abstr. 97th Gen. Meet. Am. Soc. Microbiol., 
abstr. C-146, 1997) yielded a triplex multiplex PCR. The sen- 
sitivity of this adenovirus-HSV-C. trachomatis multiplex PCR 
in comparison to a uniplex PCR for the detection of adenovi- 
rus was 100%. However, the performance of the test to detect 
either HSV or C. trachomatis was relatively poor (69% com- 
pared to cell culture or 72% compared to an antigen detection 
technique). Selection of alternate HSV and C. trachomatis 
primer pairs allowed development of a multiplex PCR with 
identical sensitivity to that of uniplex PCRs for detection of 
each of the three targets. 

Immunocompromised Patients 

Due to the importance of HHV infections in immunocom- 
promised patients, a number of authors have developed meth- 
ods for the simultaneous detection of these viruses in various 
clinical specimens. Two different genes of CMV were detected 
with a single-step multiplex PCR in clinical specimens from 
renal transplant recipients and other CMV-seropositive pa- 
tients (11). The test was sensitive and allowed monitoring of 
CMV infection by quantitation of CMV DNA. The latter was 
based on the assumption that samples with small amounts of 
viral DNA are more likely to lead to the amplification of only 
one of the two targets. Samples from which a single target is 
amplified contain on average sevenfold fewer viral genomes 
per 10 6 leukocytes than those from which both targets are 
amplified. This approach was evaluated on serial leukocyte 
DNA samples taken from 34 patients during the first 12 weeks 
post-renal transplantation, and it was concluded that findings 
of three consecutive tests in which both CMV targets were 
amplified were highly indicative of patients who had developed 
a very high load of CMV with a sensitivity of 100% and spec- 
ificity of 88%. Thus, the protocol can be used for efficient 
identification of transplant recipients at risk of clinically sig- 
nificant infection. A similar PCR format was used to develop a 
multiplex PCR for amplification of four different regions of 
the CMV genome (61). The test sensitivity for detection of 
genomic cell DNA infected with CMV was similar to that 
obtained by each pair of the primers (uniplex PCRs). The test 
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proved to have a high diagnostic utility for detection of CMV 
variants with maximal sensitivity and specificity. 

In heart transplant recipients a hot start nested multiplex 
PCR was used to evaluate the possible reactivation of HHV-6 
and HHV-7 (67). The test was also coupled with CMV anti- 
genemia assay and HSV isolation. The multiplex PCR was 
performed on buffy coat and plasma samples from the 21 
recipients and on buffy coat samples from healthy blood do- 
nors. Whereas 12 of 21 (57.1%) heart transplant recipients 
showed CMV and/or HSV reactivation, HHV-6 was detected 
in 2 of 21 (9.5%) of the recipients and in 7 of 56 (12.5%) blood 
donors. HHV-7 DNA was detected in 13 of the 21 recipients 
(61.9%) and in 30 of 56 (56.6%) blood donors. One of the 
patients positive for HHV-6 and 10 of those positive for 
HHV-7 were positive for CMV. The clinical significance of 
these concurrent infections remains to be determined, but 
their detection further highlights the utility of multiplex PCR 
in investigation of transplant patients. 

Detection and typing of all human lymphotropic herpesvi- 
ruses (EBV, CMV, HHV-6 variants A and B, HHV-7, and 
HHV-8) utilizing primer pairs designed to amplify a highly 
conserved region within the DNA polymerase gene have also 
been described (77). The test also included an internal control 
(100 molecules of a cloned fragment of the porcine pseudo- 
rabies herpesvirus genome) for detection of false-negative re- 
sults. The test revealed a sensitivity of 10 to 100 molecules of 
each virus DNA and produced a 100% correlation in a total of 
35 well-characterized specimens in which one of these viruses 
was known to be present, including Kaposi's sarcoma skin 
lesions and serum, CSF, saliva, and urine samples. 

Simultaneous detection of EBV and the protozoa Toxo- 
plasma gondii in CSFs of AIDS patients with EBV-associated 
primary nervous system lymphoma and toxoplasma encephali- 
tis has been described (87). This multiplex PCR detected EBV 
DNA in 9 of 14 patients with CNS lymphoma and in 2 of 38 
patients without disease and T. gondii DNA in 8 of 8 patients 
with toxoplasma encephalitis but in none without toxoplasmo- 
sis. 

The major problem with the use of PCR in specimens from 
immunocompromised patients is the relationship of positive 
results to clinical disease. This is particularly difficult with her- 
pesviruses, because positive PCR results may not always be 
accompanied by signs or symptoms in the patient. This can 
leave the clinician in a dilemma of whether or not to treat. Two 
approaches have been used to address this problem. Quanti- 
tative PCR can be used to measure viral load with the expec- 
tation that a high viral load is likely to herald clinical disease. 
The other approach is to test sequential specimens and only 
recommend treatment if positive results persist rather than 
responding to what may be a transient reactivation of a her- 
pesvirus. Multiplex PCR may be readily applied to the latter 
situation, but multiplex quantitative PCR remains a formidable 
technological challenge. 

Other Applications 

A number of studies have utilized multiplex PCRs for de- 
tection and differentiation of human retroviruses (45, 46, 99, 
111). Four primer pairs were combined to delect Ihegag region 
of HIV type 1 (HIV-1), the env region of HIV-2, the pol region 
of human T-cell leukemia virus type 1 (HTLV-1), and the lax 
region of HTLV-2 (45). Amplicons were detected by liquid 
hybridization using "P-end-labeled oligonucleotides. In the 
evaluation of a serologically well-established panel of singly 
and dually infected individuals, the assay detected 21 of 22 
HIV-1, 8 of 10 HIV-2, 8 of 8 HTLV-1, and 8 of 8 HTLV-2 



infections. The test was as sensitive as uniplex PCRs and al- 
lowed the detection of coinfection. Sunzeri et al. (99) devel- 
oped a multiplex PCR utilizing primer pairs targeting a portion 
of the gag region of HIV-1 , the pol gene of HTLV-1 and -2, and 
a region of the HLA-DQ-a locus as an internal control. Prod- 
ucts were analyzed by automated capillary DNA chromatog- 
raphy (products can also be separated and visualized using gel 
electrophoresis and ethidium bromide staining). The test de- 
tected as few as 1 to 10 infected cells (2 to 20 target sequences) 
and was as sensitive as uniplex PCRs. 

Several studies have highlighted the potential use of PCR in 
screening donated blood for transfusion-transmitted viruses 
(48), but the need for multiple, discrete PCR assays for achiev- 
ing this purpose has restricted such an application. Uniplex 
PCR would be an impractical approach for rapid screening of 
hundreds of specimens per day for a range of transfusion- 
transmitted viruses. Multiplex PCR presents a more practica- 
ble solution to the problem, and the methodology is sensitive 
enough to diagnose silent (serologically negative) carriers of 
viruses such as HIV, HTLV, and other nonretroviral transfu- 
sion-transmitted viruses, including hepatitis B virus (HBV), 
HCV, and CMV. 

Multiplex PCR offers a cost-effective solution which, with 
refinement and full automation would allow screening of the 
donated blood supply. Indeed, a recent study (106) demon- 
strated the promise of multiplex PCR automation for both 
rapid and reliable screening of transfusion-transmitted viruses 
in donated blood and transplantable tissues. A hot start mul- 
tiplex PCR was developed to identify and determine the abun- 
dance of HIV-], HIV-2, and HTLV-1 and -2. Viral DNA 
sequences were amplified in a single reaction, and the resulting 
amplicons were detected in real time by the hybridization of 
four differently colored, amplicon-specific detector probes 
called molecular beacons present within the same reaction 
tube. The color of the fluorescence produced during the am- 
plification process identified the retrovirus present in the sam- 
ple, and correlation of the thermal cycles required with the 
intensity of each fluorescent signal developed provides an ac- 
curate measure of the number of virus sequences present in the 
original sample. The test had a sensitivity of 10 retroviral 
genomes in the presence of 100,000 copies of another retrovi- 
rus, and up to 96 samples can be analyzed in 3 h on a single 
plate. The test was also evaluated using 43 human blood sam- 
ples known to contain human retroviruses and produced 100% 
agreement in 11 samples positive for HTV-1, 4 samples positive 
for HIV-2, 15 samples positive for HTLV-1, and 17 samples 
positive for HTLV-2, and the 10 control samples remained 
negative for all targets. 

Multiplex PCRs for other transfusion-transmitted viruses 
have also appeared in the literature. A multiplex PCR which 
detects both HBV and HBC genomic sequences in serum sam- 
ples has been developed (71). The test is carried out in two 
stages. HCV RNA is first reverse transcribed into cDNA, and 
both HCV cDNA and HBV DNA are then coamplified using 
primers that target conserved sequences from both viruses. 
The test was applied to sera from nine donors, of which seven 
were positive for HBsAg, anli-HBc, and anti-HCV; one was 
reactive for both anti-HCV and anti-HBc; and one was reactive 
for both HBsAg and anti-HBc. The multiplex PCR produced 
results confirming the presence of both HBV- and HCV-spe- 
citic genomic sequences in eight of eight sera reactive for the 
serological markers of both viruses and also in a serum that 
was reactive for HBV markers only. The method was modified 
to include primers that target the HCV 5' untranslated region 
and HBV pre-S and S region in a one-step multiplex PCR 
method. This modification allowed a simple simultaneous am- 
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plification of both viruses with 100% concordance with its 
respective uniplex PCRs (47). 

HCV and GB virus type C (GBV-Q/HGV genomes in 
plasma samples from transfused subjects have also been am- 
plified by a multiplex PCR (16). The test was evaluated retro- 
spectively in 50 plasma samples in comparison with the results 
of serology. Of the 50 samples, 40 were positive for anti-HCV 
and 10 samples remained antibody negative. The multiplex 
PCR and the corresponding uniplex PCR produced identical 
results, being positive for HCV RNA in 32 samples of the 40 
anti-HCV positive samples. GBV-C RNA was detected in 5 of 
the 32 HCV-positive samples (coinfection) and in 2 of 10 
samples that were anti-HCV negative. More widespread ap- 
plication of multiplex PCR aimed at detecting transfusion- 
transmitted viruses and/or other pathogens will demand thor- 
ough optimization and full automation of procedures to avoid 
the production of both false-positive and false-negative results. 
The demands of transfusion medicine of high-speed, high- 
throughput screening will place great technical demands upon 
these procedures. 

Multiplex PCR methodology has also proven to be a valu- 
able tool for differentiation, subgrouping, subtyping, and geno- 
typing of viruses (10, 29, 78, 84, 121). Differentiation of polio- 
viruses from nonpoliovirus enteroviruses in both clinical 
(stool) and environmental (sewage) specimens has been feasi- 
ble using RT-multiplex PCR (29). Stool or sewage specimens 
are first inoculated onto cell cultures in tubes, and after over- 
night incubation the cultures are subjected to RT-multiplex 
PCR. A primer pair detecting all enteroviruses in the presence 
of another two primer pairs specific for the polioviruses was 
tested. The enterovirus-specific primer pair generated a prod- 
uct size of 300 bp, and the poliovirus-specific primer pairs 
generated three different PCR products of 200, 600, and 1,000 
bp, assuring easy identification on agarose gels. The result is 
interpreted as "nonpolio enterovirus" if only the enterovirus- 
specific PCR product (300 bp) is observed; as "poliovirus" if 
both the enterovirus-specific product (300 bp) and at least one 
of the polio-specific products are observed (200, 600, and 1,000 
bp); or as "no enterovirus" if the multiplex PCR remains neg- 
ative for all products. A total of 36 poliovirus strains produced 
the expected results by the multiplex PCR, consistent with 
polioviruses, and only one isolate (coxsackievirus A21) of 45 
nonpoliovirus strains demonstrated a band with a poliovirus- 
specific primer pair. The protocol revealed a sensitivity of 3 
PFU, could be interpreted within 24 h, and was highly insen- 
sitive to substances in the sample (stool and sewage) which 
inhibit cell culture isolation. 

A multiplex RT-PCR that simultaneously identifies Sabin 
poliovirus types 1, 2, and 3 vaccine strains has been described 
(10). This hot start-based multiplex PCR was a modification of 
a procedure previously described (121). The assay utilized 
three serotype -specific primer sets that map to the region of 
the poliovirus genome encoding the amino terminus of the 
VP1 capsid protein, a region known for its heterogeneity 
among the three Sabin poliovirus serotypes. In a total of 195 
stool samples collected from 26 vaccinees following adminis- 
tration of the first dose of the trivalent oral vaccine, the mul- 
tiplex PCR was more sensitive than culture for the detection of 
poliovirus types 1, 2, and 3. The percentages of specimens 
positive by the multiplex PCR for serotypes 1, 2, and 3 were 
67.2, 82.6, and 53.8%, respectively, compared to 55.4, 64.1, and 
27.7% by virus isolation. The duration of recovery of positive 
samples by PCR varied according to serotype: 4 to 8 weeks for 
type 2 and 1 to 8 weeks for types 1 and 3, although poliovirus 
type 3 shedding ceased in approximately 70% of vaccinees 
within a week after immunization. This modified multiplex 



PCR allows direct characterization of the virus in stool speci- 
mens without cell culture— a process which may, through the 
selection of genetic variants, not accurately represent the virus 
population in the original specimens. 

Human adenoviruses in clinical samples were detected with 
six primer pairs specific for all adenovirus subgenera (A to F) 
(78). Each primer pair consists of a primer derived from the 
subgenus-specific sequences and a primer that targets a con- 
served hexon region, obviating the need for restriction endo- 
nuclease analysis. The six subgenus-specific amplicons were 
distinguishable by agarose gel electrophoresis as products of 
299, 465, 269, 331, 399, and 586 bp representing, respectively, 
those of adenovirus subgroup A to F. The test revealed a 
detection limit of a single copy of adenovirus DNA. The 
primer pairs produced 100% specificity when evaluated on 23 
adenovirus prototypes, representing all six subgenera; on 9 
intermediate strains from subgenera B and D; and on 16 sub- 
genus C genome types. In clinical specimens, the test was 
positive for adenovirus in 26 of 65 stool specimens (4 samples 
belonging to subgroup A, 2 samples belonging to subgroup B, 
6 samples belonging to subgroup C, 13 samples belonging to 
subgroup F, and 1 sample showing coinfection with subgroup C 
and F), in 13 of 23 eye specimens (1 sample belonging to 
subgroup B, 10 samples belonging to subgroup D, and 2 sam- 
ples belonging to subgroup E), and 2 of 12 throat specimens 
(belonging to adenovirus subgroup B). Of significance, the test 
has clinical value as can be highlighted by its discrimination of 
adenovirus subgroup D, which causes the severe and highly 
contagious epidemic keratoconjunctivitis, from subgroup B 
and E adenoviruses, which may cause relatively mild ocular 
infections. The test could also facilitate the primary classifica- 
tion of unknown virus isolates. 

Multiplex PCR has also proved to be a valuable tool for 
genotyping HBV strains (84). The first round of amplification 
utilizes a primer pair to amplify the entire pre-S region of the 
virus genome. Within the pre-S region nucleotide exchanges 
are observed that are partly correlated to the serological sur- 
face antigen subtypes. In the second round of amplification, 
five additional subtype-specific primers and two universal non- 
group-specific primers are added to generate two to four DNA 
fragments of defined sizes indicative for the subtype. The 
method proved to be a useful epidemiological tool for studying 
HBV transmission and may be adapted to genomes of other 
infectious agents demonstrating a suitable degree of sequence 
variability. 

Other applications of multiplex PCR include maximizing the 
inclusivity of PCR-based assays to detect viral strains (11, 51, 
61, 93), exploring genetic reassortment among viruses (90), 
studying association of virus with disease (105), studying virus 
pathogenesis (6), exploring mechanisms of virus evasion and 
interference with the host's immune response (41), and facili- 
tating the detection and characterization of viruses and other 
pathogens retrospectively in diverse archival specimens of lim- 
ited volumes (2). In addition, the methodology has proved to 
be a powerful tool for characterization of nonhuman viruses 
(50, 70, 85, 104, 114, 116). 

CONCLUSION AND PERSPECTIVES 

Optimization of multiplex PCRs can prove difficult. A step- 
wise matrix-style approach may be followed; i.e., a number of 
optimal primer pairs are combined and the combination giving 
the best result is then chosen to be optimized or evaluated in 
a multiplex PCR format. Alterations of other PCR compo- 
nents over those usually described for most uniplex PCRs have 
rarely improved the efficiency of the test. Recent developments 
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in PCR technology, however, may facilitate the development of 
multiplex PCRs. The most appropriate of these seems to be the 
use of the nonmechanical hot start PCR (8, 53). 

Thorough evaluation and validation of new multiplex PCR 
procedures is essential. The sensitivity and specificity must be 
thoroughly evaluated using standardized, purified nucleic ac- 
ids. Where available, full use should be made of external qual- 
ity control materials, and both external and internal quality 
controls must be rigorously applied. These must include the 
provision of both negative control specimens and, for each 
nucleic acid target, a positive control designed to ensure early 
signalling of any reduction in test sensitivity from assay to 
assay. As the number of microbial agents detectable by PCR 
increases, it will become highly desirable for practical purposes 
to achieve simultaneous detection of multiple agents that cause 
similar or identical clinical syndromes and/or share similar 
epidemiological features. In addition, attention should be 
given to primer pairs detecting multiple strains or types to 
ensure the identification of as many strains of the target species 
as possible. Where possible, robust (i.e., reliable in routine 
diagnostic settings) multiplex PCRs that do not use nested 
primers are preferable to avoid contamination (122), to ratio- 
nalize use in routine settings, and to facilitate automation 
(110). 

Commercial development of PCR has facilitated the wide- 
spread introduction of this procedure and improved both the 
reliability and ease of use of the technology. Commercially 
available applications of multiplex PCR are as yet in their 
infancy. While many commercially available PCRs include ei- 
ther internal control molecules or reporter molecules as inter- 
nal standards within the test, the primer binding targets of both 
internal control and target nucleic acids are the same. Thus, 
although two molecules are amplified in the PCR, this is not 
true multiplexing. To date a multiplex PCR for Neisseria gon- 
orrhoea and C. trachomatis represents the sole commercial 
multiplex PCR from Roche Diagnostics, and Argene Biosoft 
(Ariege, France) produces a multiplex PCR for detection of 
HHVs. Undoubtedly, many more commercial applications of 
multiplex PCR may be anticipated, and when coupled with 
developments in microelectronic detection devices (58) the 
prospect of extralaboratory "at-the-bedside" multiplex PCR 
testing may be envisaged. Given the advantages already dem- 
onstrated by the use of multiplex PCR along with the recent 
developments in this technology, future applications of PCR, 
when possible, should be aimed at constructing multiple de- 
tection systems in which a number of clinically and epidemio- 
logically relevant pathogens (viruses, bacteria, parasites, 
and/or fungi) may be detected, characterized, and/or inevitably 
uncovered in a symptom- and/or system-specific manner. 
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Abstract 

Real-time reverse transcription-polymerase chain reaction (RT-PCR) is currently considered the most sensitive method to study low 
abundance gene expression. Since comparison of gene expression levels in various tissues is often the purpose of an experiment, we studied a 
tissue-linked effect on nucleic acid amplification. Based on the raw data generated by a LightCycler instrument, we propose a descriptive 
mathematical model of PCR amplification. This model allowed us to study amplification kinetics of four common housekeeping genes in 
total RNA samples derived from various bovine tissues. We observed that unknown tissue-specific factors can influence amplification 
kinetics but this affect can be ameliorated, in part, by appropriate primer selection. 
© 2003 Elsevier Ltd. All rights reserved. 

Keywords: Quantitative polymerase chain reaction; Real-time reverse transcription-polymerase chain reaction; Gene expression; Housekeeping genes; 
Ubiquitin; (3-actin; GAPDH; 18S rRNA 



1. Introduction 

Reverse transcription-polymerase chain reaction (RT- 
PCR) is the method of choice for quantifying low abundant 
mRNAs in material such as cells and tissues |1 4]. This 
method is fast and highly reproducible. Further, its high 
sensitivity is its principal advantage over other techniques. 

In real-time PCR the quantification takes place within an 
exponential phase of the amplification curve [5], A crossing 
point (CP) or threshold cycle (Ct) is then extrapolated to 
determine a starting amount of template molecules. The CP 
gives the researcher the first raw information about the 
expression level of a given gene. 

All methods of gene quantification report their findings 
relative to a measurable base (e.g. copies per cell, weight of 
tissue, volume of blood, etc.). The correct choice of the 
denominator depends on the question asked and can 
significantly affect the quality of the results |6|. To obtain 

Abbreviations: RT-PCR, reverse transcription-polymerase chain 
reaction; CP, crossing point; GAPDH, glyceraldehyd-3-phosphate 
dehydrogenase; FDM, first derivative maximum; SDM, second derivative 
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an actual number of copies, various 'absolute' standards are 
often employed [7-9], but even in these cases, the 
quantification is always relative as some errors in a protocol 
are inevitably present [6,10]. So called housekeeping or 
maintenance genes [11 J such as actins, tubulins, albumins, 
ubiquitin, glyceraldehyd-3-phosphate dehydrogenase 
(GAPDH), 18S or 28S ribosomal subunits (rRNA) are 
often used as relative standards |12). These genes are 
believed to undergo little, if any, variation in expression 
under most experimental treatments. Yet, there have been 
many reports on the regulation of these genes [12 14]. 

Another important criterion for reliable measurement 
and comparison of more than one gene is that all of the 
genes amplify equally. Experiments using normalization 
with housekeeping genes often overlook this parameter 
despite the fact that corrections have already be suggested in 
the literature [15-19]. 

Many factors present in samples as well as exogenous 
contaminants have been shown to inhibit PCR (review in 
Refs. [20.21]). For example, the presence of hemoglobin, 
fat, glycogen, cell constituents, Ca 2+ , DNA or RNA 
concentration, and DNA binding proteins are important 
factors [20.21]. Additionally, exogenous contaminants such 
as glove powder and phenolic compounds from 
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the extraction process or the plastic ware can have an 
inhibiting effect [20.21 J. 

Since some experiments compare gene expression in 
different organs [9,22], tissue-specific inhibition of DNA 
amplification may be important. To study the amplification 
inhibition associated with three randomly chosen tissue 
types we proposed a mathematical model describing the 
DNA amplification kinetics in real-time PCR. Using this 
model we could compare parameters of the amplification 
kinetics and analyze them statistically. 



2. Materials and methods 

2.1. Preparation of cDNA samples 

Samples of cerebellum, muscle and liver were gathered 
from six slaughtered cows, immediately frozen in liquid 
nitrogen and then stored at - 80 °C until the total RNA 
extraction procedure was performed. 

Tissue samples were homogenized and total RNA was 
extracted with a commercially available product, peqGOLD 
TriFast (Peqlab, Erlangen, Germany), utilizing a single 
modified liquid separation procedure [23]. No additional 
purification was performed. Constant amounts of 1000 ng of 
RNA were reverse-transcribed to cDNA using 200 units of 
MMLV Reverse Transcriptase (Promega, Mannheim, 
Germany) according to the manufacturers instructions. 

Integrity of the DNA was determined by electrophoresis 
on 1% agarose gels. Nucleic acid concentrations were 
measured on a spectrophotometer (BioPhotometer, Eppen- 
dorf, Hamburg, Germany) at OD 260nm with 220-1600 nm 
UVettes (Eppendorf). Purity of the RNA extracted was 
determined as the OD 260 nm /OD 2S0 nm ratio with expected 
values between 1.8 and 2.0 (BioPhotometer). A possible 
trend between the samples and their OD 260 nm/OD 2g o nm 
values was examined. 

2.2. Real-lime PCR fluorescence data acquisition 

Primer sequences of four common housekeeping genes; 
ubiquitin, (3-actin, GAPDH and 18S rRNA were designed to 



span at least one intron (except for 18S rRNA) and 
synthesized commercially (MWG Biotech, Ebersberg, 
Germany) as shown in Table 1. PCR conditions were 
optimized on a gradient cycler (T-Gradient, Biometra, 
Gottingen, Germany) and subsequently on a LightCycler 
(Roche Diagnostic, Mannheim, Germany) [24] by analyzing 
the melting curves of the products [25]. Real-time PCR using 
SYBR Green I technology [26] on the LightCycler was then 
carried out to amplify cDNAs from the tissue samples. 

Master-mix for each PCR run was prepared as follows: 
6.4 u.1 of water, 1.2 u.1 MgCl 2 (4 mM), 0.2 u.1 of each primer 
(4 pmol), 1.0 u.1 Fast Start DNA Master SYBR Green I mix 
(Roche Diagnostics). Finally, 9 u.1 of master-mix and 25 ng 
of reverse transcribed total RNA in 1 u.1 water were 
transferred into capillaries (end volume 10 ul). 

The following amplification program was used: After 
10 min of denaturation at 95 °C, 40 cycles of real-time PCR 
with three-segment amplification were performed with: 15 s 
at 95 °C for denaturation, 10 s at respective annealing 
temperature (Table 1) and 20 s at 72 °C for elongation. A 
melting step was then performed with slow heating starting 
at 60 °C with a rate of 0. 1 °C/s up to 99 °C with continuous 
measurement of fluorescence. The same gene was always 
quantified in each run to prevent any inter-nin variation. 

Fluorescence data from real-time PCR experiments were 
taken directly from LightCycler software version 3 (Roche 
Diagnostics), exported to SigmaPlot 2000 (SPSS, Munich, 
Germany) and fitted with a 'Four-parametric sigmoid 
model' as described earlier by our group [27]. Parameters 
a, b, Xq and y 0 of each fit were documented together with the 
coefficient of determination r 2 . 

All statistics were done in SigmaPlot 2000 (SPSS) and 
SigmaStat 2.0 (SPSS, Jandel Corporation). 

2.3. Crossing point (CP) acquisition 

On each individual real-time PCR run, five different CPs 
were acquired based on different determination procedures. 
First, the CP was placed into the first derivative maximum 
(FDM SM = ,*o) and into the second derivative maximum of 
the four-parametric sigmoid model (SDM SM ) of each run as 
shown earlier [27.]. 



Table 1 

Details of primers used (o amplify four housekeeping genes 

Gene Primers Sequence length (bp) Annealing temperature (°C) 



Ubiquitin for: AGA TTC AGG ATA AGG AAG GCA T 1 98 60 

rev: GCT CCA CCT CCA GGG TGA T 
GAPDH for: GTC TTC ACT ACC ATG GAG AAG G 197 58 

rev: TCA TGG ATG ACC TTG GCC AG 
18S rRNA for GAG AAA CGG CTA CCA CAT CCA A 338 60 

rev: GAC ACT CAG CTA AGA GCA TCG A 
p-actin for AAC TCC ATC ATG AAG TGT GAC G 234 60 

rev: GAT CCA CAT CTG CTG GAA GG 
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Table 2 

Two-way ANOVA 



Factor a b FDMjm SDMjm FPlc SDMlc CP Tm 



Tissue 0.01 <0.001 0.004 0.02 0.005 0.008 0.004 

Gene <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

Tissue-gene interaction 0.004 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

/'-values of significance. Each of three rows indicates either one of factors or their interaction. In columns, f -values of effect of factors (or interaction) on 
respective parameter are shown. 



Further, CP was computed using the 'Fit point method' 
(FPlc) [5] and 'Second derivative maximum method' 
(SDMlc) [5,28], both part of the LightCycler software 3.3 
(Roche Diagnostics). In the FPlc method, uninformative 
background fluorescence observations were discarded by 
setting a constant noise band. An intersecting line was then 
arbitrarily placed at the base of the exponential portion of 
the amplification curves. This generated CPs acquired at a 
constant fluorescence level (value 2 in our case). 

In the SDMlc method the second derivative maximum is 
calculated by LightCycler software based on an unknown 
and unpublished mathematical approximation of partial 
amplification kinetics around the supposed SDMlc [5.28], 



The FPlc and SDMlc were directly obtained from the 
calculated values by the LightCycler software 3.3 (Roche 
Diagnostics). 

Eventually, the 'Taqman threshold level' (Ct) or CP [29] 
computing method was simulated by fitting the intersecting 
line upon the 10 times value of ground fluorescence 
standard deviation (CPfm)- I Q Ihe 'Taqman threshold 
level' procedure, the y 0 values of the four-parametric 
sigmoid model were considered ground fluorescence. 

While parameters a and b describe amplification kinetics, 
FDM SM , SDMsm, FP LC , SDMlc, and CP Tm are considered 
quantification parameters since they are clearly defined 
constants within the model. 



Table 3a 

Statistically processed parameters a,b, FDM SM , SDM SM , FP^c. SDMlc. CP Tm , and r 2 of ubiquitin amplification 



Tissue a b FDM SM SDMsm FPlc SDMlc CP-m. 



Cerebellum Mean 43.118 1.950 25.649 23.082 20.180 21.817 22.680 1.000 

CV(») 9.56 1.17 1.31 1.50 2.13 1.43 1.77 0.004 

Liver Mean 39.355 2.004 26.184 23.545 20.688 22.288 22.597 1.000 

CV(%) 7.79 1.62 1.43 1.64 1.73 1.79 1.47 0.010 

Muscle Mean 41.958 2.064 26.443 23.725 20.637 22.487 25.370 0.999 

CV(%) 5.40 2.25 0.81 0.94 1.52 1.15 0.67 0.018 

Mean.cu, 41.477 2.006 26.092 23.450 20.502 22.197 23.549 1.000 

CV ioI11J „(%) 7.58 1.68 1.18 1.36 1.79 1.46 1.30 0.011 

CV,,^,^ (%) 4.65 2.85 1.55 1.41 1.36 1.55 6.70 0.014 

P-values of significance. Each of three rows indicates either one of factors or their interaction. In columns, P -values of effect of factors (or interaction) on 
respective parameter are shown. 



Table 3b 

Statistically processed parameters a,b, FDM SM , SDMsm- FPlc. SDM LC , CP Tm , and r 2 of GAPDH amplification 

Tissue a b FDM SM SDM SM FPlc SDMlc CP Tm r 2 



Cerebellum Mean 47.223 2.075 23.663 20.930 18.185 19.583 20.483 0.998 

CV(%) 11.48 1.43 1.14 1.36 1.90 1.43 2.01 0.009 

Liver Mean 46.675 2.094 24.936 22.179 19.322 20.868 21.580 0.998 

CV(%) 6.39 2.75 1.61 1.97 2.09 2.21 2.20 0.020 

Muscle Mean 52.415 2.228 21.588 18.653 15.800 17440 16.377 0.997 

CV(%) 3.79 2.94 3.30 4.08 4.70 4.06 4.48 0.032 

Mean,^ 48.771 2.132 23.396 20.587 17.769 19.297 19.480 0.998 

CV ta . bl , u ,(%) 7.22 2.37 2.02 2.47 2.90 2.57 2.89 0.020 

CV ou ,. d ,„ e (%) 6.50 3.92 7.22 8.68 10.12 8.98 14.08 0.068 

f-values of significance. Each of three rows indicates either one of factors or their interaction. In columns, P-values of effect of factors (or interaction) on 
respective parameter are shown. 



Table 3c 

Statistically processed parameters a,b, FDM SM , SDMsm, FPlc, SDMlc, CP Tm , and r 2 of 18S rRNA amplification 



Tissue a b FDMjm SDM sm FPlc SDMu: CP t » r 2 

Cerebellum Mean 49.782 2.701 15.274 11.717 9.518 10.556 10.923 0.9% 

CV(%) 3.76 5.33 3.64 6.26 6.32 5.83 6.17 0.047 

Liver Mean 53.544 2.897 14.669 10.854 8.638 9.809 9.185 0.9% 

CV(%) 3.35 2.55 9.01 12.21 12.28 12.38 11.15 0.040 

Muscle Mean 55.943 2.752 15.369 11.744 9.250 10.573 10.267 0.997 

CV(%) 2.67 2.31 5.61 7.76 8.32 7.94 7.75 0.041 

Mean^ 53.090 2.784 15.104 11.439 9.135 10.313 10.125 0.9% 

CV^^Cfc) 3.26 3.40 6.09 8.74 8.97 8.72 8.36 0.042 

CV OUMiln «(%) 5.85 3.66 2.51 4.43 4.94 4.23 8.67 0.019 

^-values of significance. Each of three rows indicates either one of factors or their interaction. In columns, /'-values of effect of factors (or interaction) on 
respective parameter are shown. 



2.4. Statistical evaluation of model parameters 

Two-way ANOVA with tissue as the first factor of three 
levels (cerebellum, muscle and liver) and gene as the second 
factor of four levels (ubiquitin, 0-actin, GAPDH, 18S 
rRNA) was applied to the parameters a, b, FDM SM , SDM SM , 
FP LC . SDMlc and CP Tm (Table 2). Normal distribution was 
given within the data sets. 

For all above-mentioned parameters and r 2 following 
statistical indicators were calculated (Tables 3a- 3d) 

• Interaction mean (i.e. from the six values within one 
level of factor gene and one level of factor tissue) and 
interaction coefficient of variance-CV. 

• Total mean (mean loti i) out of 18 values (always six 
samples in three tissues) for each factor gene. 

• Mean value out of three CVs (CV in . Ussue ) reporting 
internal variance within all three tissue levels. 

• Coefficient of variance out of three interaction means 
(CVom.ussut) showing a variability caused by factor tissue. 



3. Results and discussion 

All primers used could satisfactorily amplify the flanked 
sequence. The melting curve analysis and gel analysis detected 



very little, if any, nonspecific product We approximated the 
PCR amplification kinetics with the four-parametric sigmoid 
model. This model describes well (in all data sets 
r 2 > 0.99, n = 40) the entire fluorescence curve and therefore 
its beginning and end do not need to be arbitrarily delimited 
[19]. Nevertheless, correlation between values of b and r 2 
showed that there were differences in the goodness of the fit 
(Pearson correlation coefficient r - 0.915, n = 72). The best 
fit was in runs with high amplification efficiencies. With 
decreasing amplification efficiency the determination power 
of the model also decreased. 

There is an integral purification step at the end of the 
extraction procedure [23], consisting of repeated washing 
the final total RNA pellet with ethanol. In this study no 
additional RNA purification was performed since additional 
purification decreases yield and is often omitted. This 
procedure simulated a routine PCR sample preparation as it 
is carried out in most labs. The contamination within the 
RNA samples detected as OD 2 6o nn/OD 2 8o nm ratios was not 
significantly related to the type of tissue (data not shown). 

Statistical analysis of the parameters a and b (Table 2) 
under an influence of the two experimental factors showed 
that the tissue was the largest source of variance and the 
primer sequences had the least affect [21.22]. 

A similar trend of variability within the log-linear trajectory 
slope {b) and plateau height (a) showed that the tissue from 



Table 3d 

Statistically processed parameters a,b, FDM SM , SDM SM , FPlc, SDMlc, CP Tm , and r 2 of &beia;-acun amplification 

Tissue a b FDM SM SDM SM FPlc SDMu; CP Tm r 2 



Cerebellum Mean 85.015 1.418 22.499 20632 16.640 19.362 19.643 1.000 

CV(%) 5.11 2.15 2.22 2.54 3.21 2.69 2.34 0.004 

Liver Mean 86.694 1.467 23.555 21.624 17.400 20.348 18.633 1.000 

CV(%) 2.14 1.31 0.85 0.95 1.52 1.11 1.11 0.002 

Muscle Mean 84.886 1.470 24.264 22.328 18.230 21.047 20.813 1.000 

CV(%) 2.75 3.53 0.90 1.03 1.14 1.16 0.88 0.005 

Mean^, 85.532 1.452 23.440 21.528 17.423 20.252 19.697 1.000 

CVin-to,*. (%) ! 00 2.33 1.32 1.51 1.96 1.65 1.45 0.004 

CV^,.,,^ (%) 1.18 2.01 3.79 3.% 4.56 4.18 5.54 0.001 

/•-values of significance. Each of three rows indicates either one of factors or their interaction. In columns, /"-values of effect of factors (or interaction) on 
respective parameter are shown. 
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which total RNA was extracted has a significant effect on the 
PCR kinetics and thus on the CP acquisition (Table 2). This 
can be caused by different amounts of cellular debris present in 
samples after RNA extraction [30,31]. Also endogenous 
contaminants such as blood or fat play an important role. 
Contamination of the sample may affect both the PCR as well 
as the preceding RT reaction [20,21]. 

Since interaction between both factors; tissue and gene is 
significant, the tissue-specific disturbance is not the same for 
all four amplified sequences but rather is sequence-specific. In 
our study, the highest resistance to tissue-specific disturbance 
showed the sequence of (J-actin followed by ubiquitin, 18S 
rRNA and GAPDH (see CV^.^ values in Tables 3a- 3d). 
A plausible explanation of this interaction may be the presence 
of specific DNA blocking by polysaccharides or proteins 
present as endogenous contaminants in the sample [32]. It is 
possible that DNA amplification may be affected by regions of 
the template DNA that are specifically blocked by these 
endogenous macromolecules. Our data show that not only the 
choice of housekeeping genes 1 1 2 - 1 4) but also tissue-specific 
factors and the sequence-specific factors can affect the 
expression assays. 

Tissue-specific suppression can be compensated, in part, 
by well performing primers such as those for (3-actin and 
ubiquitin used here. From this data it seems that sequences 
that amplified with higher efficiency (i.e. small b) better 
resist inhibition and show lower variance in all parameters 
of the PCR kinetics (compare mean louu of b and CV ou ,. ussue 
values in Tables 3a and 3d with Tables 3b and 3c). Thus, 
primer selection and documenting the reaction efficiency 
are important PCR optimization steps. Although house- 
keeping genes are expressed differently in various tissues 
our data show that some vary less than others. For 
example, ubiquitin showed marginally higher variance 
between tissues than within one tissue (compare CW^g,^ 
with CV in . group in Table 3a). This suggests that the 
expression of ubiquitin in the different tissues was similar. 
The low variance for ubiquitin expression between tissues 
suggests that it is the best standard but is closely followed 
by 0-actin and GAPDH. 18S rRNA, with its high variance, 
seems to be less suitable as an internal standard. This order 
was preserved in all CP computing methods. 

Each method of computing CPs seems to be accurate for 
estimating expression levels but they varied slightly when 
CP acquisitions took place at different heights of the 
amplification curve (Tables 3a 3d). The method of first and 
second derivative maximum computed from the four- 
parametric sigmoid model is reliable and simple and 
generates reliable CPs comparable with other methods 
(see CV values in Tuhles 3a 3d). 
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Bioinformatics has become an essential tool not only for basic research but also for applied research in 
biotechnology and biomedical sciences. Optimal primer sequence and appropriate primer 
concentration are essential for maximal specificity and efficiency of PCR. A poorly designed primer can 
result in little or no product due to non-specific amplification and/or primer-dimer formation, which can 
become competitive enough to suppress product formation. There are several online tools devoted to 
serving molecular biologist design effective PCR primers. This review intends to provide a guide to 
choosing the most efficient way to design a new specific-primer by applying current publicly available 
links and Web services. Also, the purpose here is to provide general recommendations for the design 
and use of PCR primers. 

Key words: Bio-computing, primer design, web-based resources. 



INTRODUCTION 

In the last 10 to 15 years the computer has become an 
essential companion for cell and molecular biologists. 
Bioinformatics is an emerging scientific discipline that 
uses information technology to organize, analyze, and 
distribute biological information in order to answer 
complex biological questions. Bioinformatics is an 
interdisciplinary research area, which may be broadly 
defined as the interface between biological and 
computational sciences (Singh and Kumar, 2001). It 
involves the solution of complex biological problems 
using computational tools and systems. It also includes 
the collection, organization, storage and retrieval of 
biological information from databases. Selection of 
oligonucleotide primers is useful for polymerase chain 
reaction (PCR), oligo hybridization and DNA sequencing. 
Proper primer design is actually one of the most 
important factors/steps in successful DNA sequencing. 
Various bioinformatics programs are available for 
selection of primer pairs from a template sequence. The 
plethora programs for PCR primer design reflects the 
central role of PCR in modem molecular biology. 
Nevertheless, all these computer programs are written 
mainly to assist in the primer design process and are not 
meant to replace the eye of the experienced researcher, 
especially considering the sometimes erratic nature of 
PCR experiments. When scheduling important PCR 
experiments, it is usually worthwhile to evaluate the 
predictions of numerous different programs and to use 
common sense and laboratory experience to evaluate the 
suggested primers before committing to their synthesis 
(Bmas, 2000). This review summarizes the general 
guidelines for primer design online. 
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WEB-BASED RESOURCES FOR PRIMER DESIGN 

There are a numerous web-based resources for PCR and 
primer design. Though most are freely available, they are 
of variable quality and not well maintained. This often 
results in missing links and so sites that may have been 
useful previously may not be functional at a later date. 
There are a number of criteria that need to be established 
in the design of primers and a number of these are listed 
below (Tables land 2) 

SOFTWARE IN PRIMER DESIGN 

The use of software in biological applications has given a 
new dimension to the field of bioinformatics. Many 
different programs for the design of primers are now 
available. Freeware software is available on the internet 
and many universities have established servers where a 
user can log on and perform free analyses of proteins 
and nucleic acid sequences (Singh and Kumar, 2001). 
There are number of simple stand-alone programs as 
well as complex integrated networked versions of the 
commercial software available. These software packages 
may be for complete DNA and protein analysis, 
secondary structure predictions, primer design, molecular 
modeling, development of cloning strategies, plasmid 
drawing or restriction enzyme analyses. Companies 
engaged in biosoftware development include: Alkami 
Biosystems, Molecular Biology Insights, PREMIER 
Biosoft International, IntelliGenetics Inc., Hitachi Inc , 
DNA Star, Advanced American Biotechnology and 
Imaging. Some scientists have also developed algorithms 
and computer programs for various purposes of primer 
design (Rychlik and Rhoades, 1989; Lowe et al., 1990; 
Lucas etal., 1991;O Hara and Venezia, 1991; Tamura et 



Table 1. Online primer design sites. 



Tool name 


Description 




CODEHOP 


Consensus Degenerate Hybrid Oligonucleotide 
Primers; degenerate PCR primer design; Mil 
accept unaligned sequences. 


http;//blocks.fhcrc.org/codehop.html 


Gene Fisher 


Interactive primer design tool for standard or 
degenerate primers; will accept unaligned 


http://bibiserv.techfak.uni-bielefeld.de/genefisher/ 


DoPrimer 


Easily design primers for PCR and DNA 
sequencing. 


http://doprimer.interactiva.de/ 


Prime r3 


Comprehensive PCR primer and hybridization 
probe design tool; many options but easy to accept 
defaults at first 


http://wwv^er»me.wi.mit.edu/cgi-bin/primer/primer3_vvww.cgi 
http://www.basic.nwu.ed irt)iotools/Primer3.html 
http://www.justbio.com/primer/index.php 


Primer Selection 


Select PCR primers from nucleotide sequence. 


http://alces. med .umn.edu/rawprimer. html 


Web Primer 


Allow alternative design of primers for either PCR 
or sequencing purpose. 


http://genome-vAAAw2.stanford.edu/cgi-bin/SGD/web-prirner 


PCR Designer 


For restriction analysis of sequence mutations. 


http://cedar.genetics.soton.ac.uk/public_html/primer.html 


Primo Pro 3.4 


Reduces PCR noise by lowering the probability of 
random primering. 


http://www.changbioscience.com/primo/primo.html 


Primo Degenerate 3.4 


Primo Degenerate 3.4 designs PCR primers based 
on a single peptide sequence or multiple 
alignments of proteins or nucleotides. 


http://www.changbioscience.com/primo/primod.html 


PCR Primer Design 


An application that designs primers for PCR or 
sequencing purposes. 


http://pga.mgh.harvard.edu/servletyorg.mgh.proteome.Primer 


The Primer Generator 


The program analyzes the original nucleotide 
sequence and desired amino acid sequence and 
designs a primer that either has a new restriction 
enzyme site or is missing an old one. 


http://www.med.jhu.edu/medcenter/primer/primer.cgi 


EPRIMER3 


Picks PCR primers and hybridization oligos 
(EMBOSS). 




PRIMO 


Prediction of forward and reverse oligonucleotide 


http://atlas.swmed .edu/primo/primojorm.html 


PrimerQuest 


A primer design tool. 


http://www.idtdna.com/biotools/primer_quest/primer_quest.asp 


MethPrimer 


Design primers for methylation PCRs. 




Rawprimer 


A tool for selection of PCR primers. 


http://alces.med.umn.edu/rawprimer.html 


MEDUSA 


A tool for automatic selection and visual 
assessment of PCR primer pairs. 


http://www.cgr.ki.se/cgr/MEDUSA/ 


The Primer Prim'er 
Project 


Software suite that completely 
automates the PCR primer design process. 


http://www-nmr.cabm.rutgers.edu/bioinformatics/Primer_Primer_ 
Project/Primer.html 


Oligonucleotides for 
the PCR 


Seek oligonucleotides on both sides of an area. 


http://www.citi2.fr/bio2/Oligo2lib.html 


GAP 


Genome- wide Automated Primer finder servers. 


http ://promoter. ics. uci .edu/Primers/ 



al., 1991; Makarova et al., 1992; Osborne, 1992; Li et 
al.,1997; Plasterer, 1997; Sze et al., 1998; Gorelenkov et 
al., 2001). Many programs aiding in the design of primers 
exist (Table 3). 



GUIDELINES FOR THE DESIGN AND USE OF 
PRIMERS 

DNA Template and oligonucleotide primers must be 
considered in greater detail (Linz et al., 1990). Efficacy 
and sensitivity of PCR largely depend on the efficiency of 



primers (He et al., 1994). The ability for an 
oligonucleotide to serve as a primer for PCR is 
dependent on several factors including: a) the kinetics of 
association and dissociation of primer-template duplexes 
at the annealing and extension temperatures; b) duplex 
stability of mismatched nucleotides and their location; 
and c) the efficiency with which the polymerase can 
recognize and extend a mismatched duplex. The primers 
which are unique for the target sequence to be amplified 
should fulfill certain criteria such as primer length, GC%, 
annealing and melting temperature, 5' end stability, 3' 
end specificity etc (Dieffenbach et al., 1995). Most of the 
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Table 2. PCR oligonucleotide resources. 



Oligonucleotides pour la 
PCR 


Calculation of melting point of a 
oligonucleotide. 


htlpJ/vvvvw.citi2.fr/bio2/OligoTM.html 


Oligonucleotide 
properties calculator 


Prediction of melting temperature. 


htlpy/wvw.basic.nw.ediVbiotools/oligocalc.html 
httpV/www.microbiology .adelaide.edu.au/learn/oligcalc.htm 


Oligonucleotide analyzer 


Generates Tm, free energy, molecular weight 
and hairpin and dimer formation structures. 


httpJ/vvww.mature.com/oligonucleotide.html 


Oligo Tm Determination 


Prediction of Tm. 


http://atees.med.umn.edu/rawtm.html 




Prediction of melting temperatures of primers. 


httpJ/www.biophys.uni- 
duesseldon\de/local/POlAND/rx>land.html 


PROUGO 


Oligos parameter calculation. 


http7/www.gensetoligos.a)m/C^lculation/calculation.html 



Table 3. PCR primers design software for personal computer. 



Software name 


Descreption 




PrimerSelect 


Analyzes a template DNA sequence and chooses primer 
pairs for PCR and primers for DNA sequencing. 


www. d na sta r.com 


DNASIS Max 


DNASIS Max is a fully integrated program that includes a 


httpJ/www.medprobe.com/no/dnasis.html 


Primer Premier 5 


primer design for Windows and Power Macintosh. 


http://www.prem erbiosoft.com/pnmerdesigiVpnmerdesign.ht 


Primer Premier 


Comprehensive primer design for Windows and Power 
Macintosh. 


http://www.premierbiosoft.com/ 


NetP rimer 


Comprehensive analysis of individual primers and primer 
pairs. 


http://www.premiert3iosoft.com/NetP rimer.html 


Array Designer 2 


For fast, effective design of specific oligos or PCR primer 
pairs for micros frays 


httpV/www.premierbiosoft.com/dnamicroarray/dnamicroarra 
y.html 


Beacon Designer 
2.1 


Design molecular beacons and TaqMan probes for robust 
amplification and fluorescence in real time PCR. 


rittp7Avww.premierbiosoft.com/molecular_beacons/taqman_ 
molecular_beacons.html 


GenomePRIDE 1.0 


Primer design for DNA-arrays/chips. 


http://pride.molgen.mpg.de/genomepride.html 


Fast PCR 


Software for Microsoft Windows has specific, ready-to-use 
templates for many PCR and sequencing applications: 
standard and long PCR, inverse PCR, degenerate PCR 
directly on amino acid sequence, multiplex PCR. 


http://www.biocenter.helsinki.fi/bi/bare-1_html/manual.htm 


OLIGO 6 


Primer Analysis Software for Mac and Windows. 


http://www.oligo.net/ 


Primer Designer 4 


Will find optimal primers in target regions of DNA or protein 
molecules, amplify features in a molecule, or create 
products of a specified length. 


http://www.scied.com/ses_pd5.htm 


GPRIME 


Software for primer design. 


http://life.anu.edu.au/molecular/software/gprime.htm 


Sarani Gold 


Genome Oligo Designer is software for automatic large- 
scale design of optimal oligonucleotide probes for 
microarray experiments. 


http://mail.strandgenomics.com/products/sarani/ 


PCR Help 


Primer and template design and analysis 


http://www.techne.com/CatMol/pcrhelp.htm 


Genorama chip 
Design Software 


Genorama Chip Design Software is complete set of 
programs required for genotyping chip design The 
programs can also be bought separately. 


http://www.asperbio.com/Chip_desin_soft.htm 


Primer Designer 


The Primer Designer features a powerful, yet extremely 
simple, real-time interface to allow the rapid identification 
of theoretical ideal primers for your PCR reactions. 


httpJ/genamics. com/expression/primer, htm 


Primer Premier 


Automatic design tools for PCR, sequencing or 
hybridization probes, degenerate primer design, 
Nested/Multiplex primer design, restriction enzyme 
analysis and more. 


http://www.biotechniques.com/freesamples/itembtn21.html 


PrimerDesign 


DOS-program to choose primer for PCR or oligonucleotide 
probes. 


http://www.chemie.unimarburg.de/%7Ebecker/pdhome.html 
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reviews on PCR optimization (Erlich et al., 1991; 
Dieffenbach et al., 1995; Roux, 1995) consider different 
parameters of PCR but generally do not discuss basic 
concepts of PCR primer design. 

Maybe the most critical parameter for successful PCR 
is the design of Primers. All things being equal, a poorly 
designed primer can result in a PCR reaction that will not 
work. The primer sequence determines several things 
such as the length of the product, its melting temperature 
and ultimately the yield. A badly designed primer can 
result in little or no product due to non-specific 
amplification and/or primer-dimer formation, which can 
become competitive enough to suppress product 
formation. This application note is provided to give rules 
that should be taken into account when designing primers 
for PCR. More comprehensive coverage of this subject 
can be found elsewhere (Dieffenbach et al., 1995). 

The sequences of the primers used for PCR 
amplification can have a major effect on the specificity 
and sensitivity of the reaction. When choosing two PCR 
amplification primers, the following guidelines should be 
considered: 

Primer length: Since both specificity and the 
temperature and time of annealing are at least partly 
dependent on primer length, this parameter is critical for 
successful PCR (Wu et al., 1991). For broad-spectrum 
studies, primers of typically 18-30 nucleotides in length 
are the best. Primers should be at least 18 nucleotides in 
length to minimize the chances of encountering problems 
with a secondary hybridization site on the vector or insert. 
Primers with long runs of a single base should generally 
be avoided. It is especially important to avoid 4 or more 
G's or C's in a row. 

Melting Temperature {T m ): The optimal melting 
temperatures for primers in the range 52-58°C, generally 
produce better results than primers with lower melting 
temperatures. Primers with melting temperatures above 
65°C should also be avoided because of potential for 
secondary annealing. It is then advisable to do the 
sequencing reaction with annealing and extension at 
60°C. A good working approximation of this value 
(generally valid for oligos in the 18-30 base range) can 
be calculated using the formula of Wallace et al. (1979), 
T m = 2(A+T) + 4(G+C). Using improved nearest-neighbor 
thermodynamic values given by SantaLucia et al. (1996), 
an estimate of melting temperature can be obtained for 
oligonucleotide analysis. 

GC Content (Tm and Ta are Interrelated): GC% is an 

important characteristic of DNA and provides information 
about the strength of annealing. Primers should have a 
GC content between 45 and 60 percent (Dieffenbach et 
al., 1995). For primers with a G/C content of less than 
50%, it may be necessary to extend the primer sequence 
beyond 18 bases to keep the melting temperature above 
the recommended lower limit of 50°C. GC content, 



melting temperature and annealing temperature are 
strictly dependent on one another (Rychlik et al., 1990). 

3'-End Sequence: It is well established that the 3' 
terminal position in PCR primers is essential for the 
control of mis-priming (Kwok et al., 1990). Primers should 
be "stickier" on their 5' ends than on their 3' ends. A 
"sticky" 3' end as indicated by a high G/C content could 
potentially anneal at multiple sites on the template DNA. 
A "G" or "C" is desirable at the 3' end but the first part of 
this rule should apply. This GC clamp reduces spurious 
secondary bands (Sheffield et al., 1989). 

Dimers and false priming cause misleading results: 

Primers should not contain complementary (palindromes) 
within themselves; that is, they should not form hairpins. 
If this state exists, a primer will fold back on itself and 
result in an unproductive priming event that decreases 
the overall signal obtained (Breslauer et al., 1986). 
Hairpins that form below 50°C generally are not such a 
problem. Primers should not contain sequences of 
nucleotides that would allow one primer molecule to 
anneal to itself or to the other primer used in PCR 
reactions (primer dimer formation). 

Specificity: As mentioned above, primer specificity is at 
least partly dependent on primer length. It is evident that 
there are many more unique 24 base oligos than there 
are 15 base pair oligos. However, primers must be 
chosen so that they have a unique sequence within the 
template DNA that is to be amplified. A primer designed 
with a highly repetitive sequence will result in a smear 
when amplifying genomic DNA. However, the same 
primer may give a single band if a single clone from a 
genomic library is amplified. 

Degenerate Primers: Degeneracy in primer sequence 
should also be taken into consideration. Degenerate 
primers based on the amino acid sequence of conserved 
regions were also used to search for members of a gene 
family (Wilks et al., 1989). Computer programs have also 
been developed specifically for degenerate primer design 
(Chen andZhu, 1997). 

Complementary primer sequences: Primers need to be 
designed with absolutely no intra-primer homology 
beyond 3 base pairs. If a primer has such a region of self- 
homology, "snap back" can occur. Another related danger 
is inter-primer homology: partial homology in the middle 
regions of two primers can interfere with hybridization. If 
the homology should occur at the 3' end of either primer, 
primer dimer formation will occur. 

Other recommendations: The concentration of primer in 
amplification reaction should be between 0.1 and 0.5 urn. 
If possible, a computer search should be conducted 
against the vector and insert DNA sequences to verify 
that the primer and especially the 8-10 bases of its 3' end 
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are unique. Inosine should not be included in sequencing 
primers. They either do not work or give poor cycle 
sequencing results. The design of PCR and DNA 
sequencing primers follows very similar guidelines. Even 
though primer characteristics can be visually inspected 
for the presence of the elements listed above, a number 
of computer programs that have been developed use 
several of these guidelines for primer selection. 



CONCLUSION 

The key to the PCR lies in the design of the two 
oligonucleotide primers. It is essential that care is taken 
in the design of primers for PCR. Several parameters 
including the length of the primer, %GC content and the 
3' sequence need to be optimized for successful PCR. 
Certain of these parameters can be easily by hand 
optimized while others are best done with marketable 
computer programs. The increasing use of information 
from the internet and the sequences held in gene 
databases are practical starting points when designing 
primers and reaction conditions for the PCR. A number or 
software packages such as Oligo, Primer etc. have 
allowed the process of primer design to be less 
troublesome. It is also possible to include more than one 
set of primers in a PCR. 
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